Lithological and Geochemical Characterization of Ramp Sediments and a Depositional Model of the Ordovicain Garden City Formation, Northeastern Utah by Kehoe, Kenneth W.
Utah State University 
DigitalCommons@USU 
All Graduate Theses and Dissertations Graduate Studies 
12-2021 
Lithological and Geochemical Characterization of Ramp 
Sediments and a Depositional Model of the Ordovicain Garden 
City Formation, Northeastern Utah 
Kenneth W. Kehoe 
Utah State University 
Follow this and additional works at: https://digitalcommons.usu.edu/etd 
 Part of the Geology Commons 
Recommended Citation 
Kehoe, Kenneth W., "Lithological and Geochemical Characterization of Ramp Sediments and a 
Depositional Model of the Ordovicain Garden City Formation, Northeastern Utah" (2021). All Graduate 
Theses and Dissertations. 8357. 
https://digitalcommons.usu.edu/etd/8357 
This Thesis is brought to you for free and open access by 
the Graduate Studies at DigitalCommons@USU. It has 
been accepted for inclusion in All Graduate Theses and 
Dissertations by an authorized administrator of 
DigitalCommons@USU. For more information, please 
contact digitalcommons@usu.edu. 
LITHOLOGICALAND GEOCHEMICAL CHARACTERIZZATION OF RAMP 
SEDIMENTS ANS A DEPOSITIONAL MODEL OF THE ORDOVICAIN 
GARDEN CITY FORMATION, NORTHEASTERN UTAH 
by 
 
Kenneth W. Kehoe 
 
A thesis submitted in partial fulfillment 
















W. David Liddell, Ph.D. Carol M. Dehler, Ph.D. 





Robert Q. Oaks, Jr., Ph.D. D. Richard Cutler, Ph.D. 
Committee Member Interim Vice Provost 










Copyright © Kenneth W. Kehoe 2021 
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 The Ordovician Garden City Formation is a thick succession of limestone with 
minor dolostone and quartz-siltstone, 322 to 549 m thick, deposited on a carbonate ramp 
on the passive margin of western Laurentia in the Northern Utah Basin. Initiated by a rise 
in sea level, deposition began at ~ 485.4 Ma, continuing until ~469.0 Ma. Previous 
research has shown that the Garden City Formation correlates with the Pogonip Group in 
the Ibex Basin of west-central Utah. Sequence-stratigraphic studies of the Pogonip Group 
have identified nine different depositional sequences. However, due to limited facies 
contrast within the Garden City Formation, identifying these sequence boundaries has 
proven elusive. Because traditional sequence-stratigraphic methods are not easily applied 
to the Garden City Formation, this study examines the lithology and geochemistry to 
determine previously unrecognized sequence boundaries and compare previous 
depositional models.  
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 A detailed study of the lithology herein has revealed that further subdivision of 
the two informal members of the Garden City Formation into four informal members is 
possible. The lithology of the formation can also be grouped into seven lithofacies. These 
lithofacies represent mostly outer- to middle-ramp depositional environments with minor 
amounts of inner-ramp deposits. The Garden City Formation was strongly influenced by 
high-intensity turbulence, here interpreted to result from internal waves propagating 
along the pycnocline, as evidenced by intraclastic floatstone/rudstone and calcisiltite 
deposits originating from the middle- to outer-ramp transition zone. 
 New δ13C and δ18O stable-isotope data for a 434 m thick section of the Garden 
City Formation in Cottonwood Canyon east of Honeyville, Utah range from -8.12 ‰ to 
1.17 ‰ for δ13C and from -15.21 ‰ to -6.60 ‰ for δ18O. These new data were compared 
with existing data from the 394 m thick section of the Garden City Formation in Green 
Canyon east of Logan, Utah. In conjunction with new X-ray fluorescence data for both 
sections at Green Canyon and Cottonwood Canyon and revised biostratigraphic faunal 
zones for the formation, these data provided a framework that enabled a more robust 
correlation locally among the different sections of the Garden City Formation, regionally 
with the Pogonip Group, and globally with sections from the Argentine Precordillera and 
Yangtze Platform. δ13C stable-isotope data also recorded a lower 2.63‰ positive 
excursion near the base of the Garden City Formation, in the Low Diversity Interval, that 
can be traced on a global scale which may provide evidence of a global cooling event.  
 The identification of individual sequences remains problematic as high-intensity 
turbulence has reworked much of the original depositional features of the Garden City 
Formation. There are only three identifiable major falls of sea level through the 
v 
formation, based on the correlation of δ13C stable-isotope data, the presence of 
thrombolites, and a change in deposition from carbonates to quartz siltstone. A relative 
sea-level curve based mostly on lithology shows an overall regressive sequence for the 
Garden City Formation, which resembles the Pogonip Group and global curves. 




Lithological and geochemical characterization of ramp sediments and a depositional 
model for the Ordovician Garden City Formation, north-central Utah 
Kenneth W. Kehoe 
 The Ordovician Garden City Formation is a mostly marine limestone rock 
formation deposited in what is known today as the Northern Utah Basin in North 
America ~485.5 million years ago. Previous research on the Pogonip Group, a time 
equivalent rock formation located in the Ibex Basin south of the Northern Utah Basin, has 
identified nine cycles of sea-level fall and rise. However, these nine sea-level cycles have 
proven difficult to identify within the Garden City Formation due to the limited contrast 
between rock types within the rock formation. Previous research on the Garden City has 
approximated these sea-level cycles through rock chemistry and fossils by comparing 
known zones of fossils and negative and positive spikes in rock chemistry data with 
similar data from the Pogonip Group. However, traditional methods of identifying sea-
level cyclicity by looking for changes in the limestone rocks are not easily applied to the 
Garden City Formation because highly turbulent internal ocean waves have reworked the 
original deposits of the formation. This study examines the lithology and geochemistry to 
determine previously unrecognized sea-level cycles and compare previous depositional 
models. 
 A positive spike in carbon stable-isotope data found near the base of the Garden 
City Formation is traceable to the Pogonip Group and other rock formations in Argentina 
vii 
and China. This same positive carbon stable-isotope spike may also provide evidence for 
a global cooling event.  
 Three instances of sea-level fall were identified in the Garden City Formation. 
However, these sea-level falls were only identifiable through carbon stable-isotope data 
and major changes of rock type. A sea-level curve for the Garden City Formation based 
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INTRODUCTION 
The Ordovician Garden City Formation presents challenges because traditional 
sequence-stratigraphic methods are not easily applied. Available biostratigraphic data 
show that the Garden City Formation is correlative with the Pogonip Group of west-
central Utah within the Sauk III and IV intervals (Hintze, 1959; Ross et al., 1997; Adrain 
et al., 2002, 2009, 2014; Davis, 2017) (Fig. 1). Sequence-stratigraphic and lithologic 
studies on the Pogonip Group have been performed by Hintze (1951, 1973a), Hintze and 
Davis (2003), Miller et al. (2003), Hintze and Kowallis (2009), Miller et al. (2012), and 
Davis (2017), which have documented nine different depositional sequences. The 
development of a sequence-stratigraphic model relies on the integration of facies 
analyses, geochemical and biostratigraphic data, as well as the identification of sequence-
stratigraphic surfaces such as hardgrounds and erosional surfaces. The locations of these 
sequences have only been approximated within the Garden City Formation due to limited 
facies contrast, the absence of prominent sequence-stratigraphic surfaces, low-resolution 
geochemical data, and limited biostratigraphic data. 
An accurate and detailed sequence-stratigraphic model is useful when correlating 
among different time-rock units and in the construction of accurate paleogeographic 
maps and depositional models. Due to the subdued nature of the sequence boundaries 
within the Garden City Formation and limited biostratigraphic data, other tools are 
needed to enable the development of a reliable sequence-stratigraphic model for the 
Garden City Formation and other rock formations that share similar characteristics. It is 
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Figure 1. Geographic extent of the Garden City Formation and the Pogonip Group, and 
recorded distribution and thickness of Upper Cambrian and Lower Ordovician 
carbonates, with current study locations (Locations 3, 5) and the study locations of 
Landing (1981) (Locations 1, 2, 3, 4). Map data obtained from Poole et al. (1992); Jensen 
and King (1999); Hintze and Davis (2002a, 2002b); Biek et al. (2003); Dover (2006); and 
ESRI (2019). 
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hypothesized that a detailed analysis of the lithology and geochemistry will reveal 
previously unrecognized sequence boundaries and systems tracts within the Garden City 
Formation, which would allow correlation with coeval rock units that have well-defined 
sequence-stratigraphic models, in particular, the Pogonip Group of west-central Utah. 
This study aims to test existing depositional and sequence-stratigraphic models of the 
Garden City Formation, evaluate the viability of trace-element and stable-isotope 
geochemistry and stratigraphy in the interpretation of stratigraphic sequences, and 




Regional Tectonic Setting and Depositional Environments  
Analysis of subsidence curves for Laurentia's western margin shows that the 
lithostratigraphic framework of the Great American Carbonate Bank, from the Cambrian 
to the Middle Ordovician, was primarily influenced by thermally-controlled subsidence 
and eustatic changes in sea level related to the final drift phase of the rifted margin 
resulting in the formation of a miogeocline (~660 to 540 Ma; Bond et al., 1989; Sears and 
Price, 2003; Miller et al., 2012; Yonkee et al., 2014). The onset of the Sauk 
megasequence saw Cambrian seas begin to transgress eastward onto the continent, 
thereby effectively trapping siliciclastic sediment in successively more eastern regions 
along the continental margin (Stewart and Suczek, 1977; Poole et al., 1992; Miller et al., 
2012). Deposition of siliciclastic sediments within the miogeocline declined while the 
lithospheric crust began to cool and subside due to thermal contraction (Stewart and 
Suczek, 1977; Bond and Kominz, 1984; Bond et al., 1985; Poole et al., 1992; Miller et 
al., 2012; Yonkee et al., 2014). The combined thermal subsidence of the crust and 
eustatic rise in sea level caused the deposition of siliciclastic sediments to decrease and 
was replaced with the development of thick carbonate packages, which lasted until the 
Devonian Period (Stewart and Suczek, 1977; Poole et al., 1992; Miller et al., 2012; 
Yonkee et al., 2014). Oaks et al. (1977) pointed out that siliciclastic deposition 
dominated the Cambrian sequence in present-day Idaho north of the Arco Arch. Wakeley 
(1975) showed that sandstones in the Worm Creek Formation coarsen and thicken greatly 
toward the area later identified as the Arco Arch. 
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The Tooele Arch, which is the westernmost extension of the Uinta Mountain 
uplift (Hintze, 1959; Poole et al., 1992; Harris and Sheehan, 1996; Lira, 2015), was 
actively uplifted during the Middle Cambrian (Poole et al., 1992; Miller et al., 2012) and 
again between deposition of the Garden City Formation and Fish Haven Dolomite 
(Francis, 1972; Oaks et al., 1977). This arch divided the miogeocline into two 
depositional basins: the Northern Utah Basin and the Ibex Basin (Hintze, 1959; Morgan, 
1988; Poole et al., 1992; Harris and Sheehan, 1996; Hintze and Kowallis, 2009) (Fig. 1). 
Between the Middle Cambrian and Late Devonian, regional tectonic elements like the 
Tooele Arch, the House Range Embayment, the Wah Wah Arch, the Arco Arch, and 
continued thermal subsidence defined the pattern of Cambrian and Ordovician 
sedimentation, resulting in a distinct stratigraphic succession within each basin (Oaks et 
al., 1977; Poole et al., 1992; Miller et al., 2012; Lira, 2015). 
The Ordovician Garden City Formation (322 to 549 m thick) consists of limestone 
with lesser, thin beds of shale and dolostone, and is set within the Northern Utah Basin of 
north-central Utah and parts of southeastern Idaho (Ross, 1949; Morgan, 1988; Pearce, 
2012; Kehoe et al., 2014; Davis, 2017) (Fig. 1). The Garden City Formation 
disconformably overlies the Cambrian St. Charles Formation (Taylor and Landing, 1981; 
Taylor et al., 1981a; Taylor et al., 1981b). The contact with the overlying Middle 
Ordovician Swan Peak Formation is hypothesized to be a low-angle regional 
disconformity (Oaks et al., 1977; Morgan, 1988). 
The Garden City Formation has been described on many scales. Richardson 
(1913) first identified the Garden City Formation in the Randolph quadrangle, Utah-
Wyoming. Williams (1948) described the upper and lower members. Ross (1949, 1951), 
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Morgan (1988), and Pearce (2012) described these two members in greater detail. The 
lower member comprises alternating, interbedded intraformational conglomerate, 
coarsely-crystalline limestone, lime mudstone, and thrombolites. The upper member 
contains fine-grained limestones and dolostones with up to 50 percent black chert (Ross, 
1949). Morgan (1988) was the first to conduct a comprehensive facies analysis of the 
Garden City Formation by defining lithotypes and interpreting depositional 
environments.  
Morgan (1988) interpreted the Garden City Formation as a shallow-water, storm-
influenced, transgressive sequence deposited in a tropical epeiric sea. Morgan (1988) 
divided the Garden City Formation into two primary environments, an inner-shelf 
shallow subtidal environment and an outer-shelf deep subtidal environment. The inner-
shelf shallow subtidal environment includes heavily reworked peritidal and shoreface 
materials, characterized by fine-grained siliciclastic sediments derived from the 
continent, fossil banks, and thrombolites. Bioturbated sediments characterize the outer-
shelf deep subtidal environment with significant amounts of chert. The outer-shelf deep 
subtidal and inner-shelf shallow environments are separated by a skeletal accumulation, 
which was a topographic high that formed below fair-weather wave base (Fig. 2). The 
depositional model of Morgan (1988) does not specifically address the stratigraphic 
nature of the transgression, but does show interfingering relationships between all facies 
and a subtle overall transgression in Figure 2. 
Paleontology and Biostratigraphy 
Paleontological studies on the Garden City Formation center around the diverse 
trilobite fauna found within it. A total of 87 species of trilobites were described by 
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Figure 2. Depositional model of the Garden City Formation. Modified from Morgan 
(1988). Dark gray indicates the inner-shelf shallow subtidal environment, and light gray 
indicates the outer-shelf deep subtidal environment. 
Ross (1949, 1951) at several different localities, resulting in the identification of 12 low-
resolution faunal zones. Adrain et al. (2002, 2009, 2014) expanded upon the earlier work 
done by Ross (1951) and Ross et al. (1997) within the Garden City Formation and the 
correlative Pogonip Group, respectively, which resulted in the subdivision of the original 
faunal zones of Ross (1949, 1951). While Adrain et al. (2002, 2009, 2014) produced 
higher resolution trilobite faunal zones, their work has only covered the lower ~310 m of 
the Garden City Formation. 
 Landing (1981) studied the conodonts of the upper 60 to 75 m of the Cambrian St. 
Charles Formation and the lower 50 m of the Garden City Formation along a north-south-
trending transect from Hillyard Canyon to Blacksmith Fork Canyon (Fig. 1). Based on 
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conodont data, Landing (1981) determined that approximately 12 m of the St. Charles 
Formation had been eroded before deposition of the Garden City Formation in the Bear 
River Range throughout Utah and Idaho. Landing (1981) also determined that unless the 
16.4 m of Conodont Fauna B found in the Hillyard Canyon section of the Garden City 
Formation was condensed to 0.6 m in Blacksmith Fork Canyon, the rock units that make 
up the base of the Garden City Formation at Hillyard Canyon must be older than the rock 
units that make up the base at Blacksmith Fork Canyon (Fig. 3). Landing (1981) 
concluded that the disconformity between the Garden City and St. Charles formations is 
diachronous, or time transgressive, where the basal rock units of the Garden City 
Formation are older in the northern sections of the north to south transect and become 
younger southward in the Bear River Range.  
The individual trilobite studies by Ross (1949, 1951) and Adrain et al. (2002, 
2009, 2014) and the conodont study by Landing (1981) provide enough biostratigraphic 
information to determine that correlation between the Garden City Formation and other 
rock units, such as the Pogonip Group, is possible. However, no single previous study 
provides a comprehensive biostratigraphic framework for the entire Garden City 
Formation. As a result, high-resolution correlations between the Garden City Formation 
and corelative rock units is needed. 
Other paleontological studies performed on the Garden City Formation include 
echinoderms (Guensburg and Sprinkle, 2001, 2009; Gahn et al., 2006; Sprinkle et al., 
2007), bioherms (Pearce, 2012), and brachiopods (Ross, 1951, 1968). The studies by 
Guensburg and Sprinkle (2001, 2009), Gahn et al. (2006), and Sprinkle et al. (2007) have 
mostly centered around the evolution and ecology of echinoderms. Pearce (2012) 
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Figure 3. North to south transect of studied sections from Landing (1981) of the Garden 
City Formation within the Bear River Range, Utah. The figure shows that the entirety of 
conodont fauna B is not present in all of the studied sections, indicating the presence of a 
diachronous disconformity between the Garden City and St. Charles Formations. Refer to 
Figure 1 for study locations 1 to 4. The figure also suggests that there could be a possible 
maximum relief of 15.8 m in the contact between Hillyard Canyon and Blacksmith Fork 
Canyon. 
performed a preliminary study on the bioherms in the Garden City Formation. This study 
included a detailed description of the bioherms and associated lithology and other 
organisms. The brachiopods described by Ross (1951, 1968) were used as a 
biostratigraphic marker by Ross (1951, 1968) to correlate part of the Garden City 
Formation with the upper part of the Beekmantown Group of Maryland and 
Pennsylvania. Calathium sponges, gastropods, and Nuia, an alga, have been documented 
by Morgan (1988) and Pearce (2012), but there has been no focused paleontological 
10 
study on these fossils to date. These other paleontological studies, other than the work 
done on brachiopods by Ross (1951, 1968), do not add any information to the current 
biostratigraphic framework of the Garden City Formation. 
Geochemistry 
δ13C and δ18O Stable-Isotopes 
Research on δ13C and δ18O stable-isotopes within the Garden City Formation are 
largely lacking. The study performed by Davis (2017) is the only research that relates to 
the δ13C and δ18O stable-isotopes of the Garden City Formation. Carbonate δ13C and δ18O 
stable-isotope ratios have shown utility in global and local correlations of rock units 
within a well-defined biostratigraphic framework (e.g., Sweet and Tolbert, 1997; 
Edwards and Saltzman, 2014). Davis (2017) used δ13C and δ18O stable-isotopes from the 
Garden City Formation and the Pogonip Group to show the correlation between the two 
rock units. Davis (2017) used the 12 faunal zones identified by Ross (1949, 1951), but 
due to biostratigraphic incompleteness and low resolution, Davis (2017) had to 
approximate the location of each faunal-zone boundary. By approximating the boundary 
locations for each faunal zone, Davis (2017) may have introduced an unknown amount of 
error into the correlation between the Garden City Formation and the Pogonip Group, 
thereby illustrating the need for a well-defined biostratigraphic framework.  
 When using δ13C and δ18O stable-isotopes as a tool for correlation, some caveats 
need to be addressed. Kehoe et al. (2015) performed high-resolution sampling for δ13C 
and δ18O stable-isotope ratios across sequence boundaries described by Miller et al. 
(2003) in the Lower Ordovician House Limestone of the Pogonip Group. The purpose of 
that study was to determine if δ13C and δ18O stable-isotope ratios could be used to 
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determine the location of individual sequence boundaries by the methods developed by 
Allan and Matthews (1977, 1982), Railsback et al. (2003), and Theiling et al. (2007) in 
Lower Ordovician strata elsewhere. Samples were taken from 4 transects spaced 1 to 5 m 
apart and from a fifth transect sampled at 0.5 km horizontally along a stratigraphic 
marker, sampling at 10 cm intervals vertically (Fig. 4). Rather than delineating a 
sequence boundary, these methods showed that there could be large lateral variability in 
δ13C and δ18O stable-isotope ratios along a stratigraphic horizon through a short distance, 
and that shifts in values of stable-isotope ratios can occur quickly in short intervals 
through a section of rock (Fig. 4). Thus, lateral variability in δ13C and δ18O stable-isotope 
ratios may present a significant problem when using these ratios to correlate among 
different measured sections. Kehoe et al. (2015) demonstrated that valuable information 
could be, and most likely is, missed due to insufficient vertical sampling for δ13C and 
δ18O stable-isotope ratios (Fig. 4). Kehoe et al. (2015) also showed that lateral variations 
could render δ13C and δ18O stable-isotope ratios useless as a correlation tool in certain 
instances (Fig. 4). 
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Figure 4. Lithologic and δ13C and δ18O data from transects across the sequence 11/12 
boundary, described and documented by Miller et al. (2003) from the Pogonip Group 
show a high amount of lateral and vertical variability. The Gray shaded area represents 
the 95% confidence interval of the mean for all values. Colored lines of the two graphs 
on the right correspond with colors in the transect diagram in the center that show the 
horizontal spacing between each transect. 
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METHODS 
Field Localities and Sampling Methods  
 Two localities of the Garden City Formation were evaluated in this study. The 
first section is a 434 m thick section in Cottonwood Canyon east of Honeyville, Utah, 
within the Wellsville Mountains (site 5 in Fig. 1; Fig. 5A). The second section is a 394 m 
thick section in Green Canyon east of Logan, Utah, within the Bear River Range (site 3 in 
Fig. 1; Fig. 5B). The Cottonwood Canyon section was measured with a Jacob’s staff and 
Brunton compass and sampled at 1.5 m intervals. The collected samples were given a 
tentative unit number based on field observations, followed by an identifier 
corresponding to the sample's stratigraphic position within the measured section. Due to 
the large number of samples and the typical 10 m accuracy of handheld GPS units, GPS 
coordinates were recorded for every other sample where applicable (Appendix A1). The 
section located in Green Canyon was previously measured by Davis (2017). Samples 
from that study were taken at 3 m intervals. When possible, samples were not taken from 
zones of visible secondary alteration and mineralization within each measured section. 
Laboratory Analytical Methods 
δ13C and δ18O Stable-Isotope Analyses 
All analyses of δ13C and δ18O stable-isotope ratios were performed at the Utah 
State University stable-isotope laboratory on a Thermo Delta V Mass Spectrometer and 
Gas Bench II with an auto-sampler. Previous analyses of δ13C and δ18O stable-isotope 
ratios performed by Davis (2017) at the Utah State University stable isotope laboratory 
were used for the Green Canyon section of the Garden City Formation. Sample powders 
for analyses of δ13C and δ18O stable-isotope ratios for the Cottonwood Canyon section 
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Figure 5. Location maps of measured sections of the Garden City Formation: (A) 
Cottonwood Canyon. (B) Green Canyon. Figure 1 shows locations 5 and 3 for the 
respective locations of Green and Cottonwood Canyons, Utah. 
of the Garden City Formation were obtained by micro-drilling the prepared samples with 
a high-speed rotary tool and diamond burr. Care was taken to sample only the lime-mud 
matrix of each sample. Then 100±20 µg of each powder were placed into sample vials 
and flushed with high-purity helium. Next, following the phosphoric acid method of 
McCrea (1950), 0.1 ml of 103% phosphoric acid was added to each sample vial and 
allowed to equilibrate for two hours at 50°C. Dolostones make up 10% of all the samples 
analyzed. Due to the ~50% magnesium content of cations in dolostones, the equilibration 
time between the phosphoric acid and the sample was increased to twelve hours, 
following in-house laboratory procedures, to ensure a complete reaction between the 
phosphoric acid and dolostone powders. 
International reference standards NBS-18, NBS-19, and LSVEC, were used to 
normalize measurements of δ13C and δ18O stable-isotope ratios to the accepted values of 
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those standards provided by the International Atomic Energy Agency (IAEA) relative to 
the Pee Dee Belemnite (PDB) scale in per mil (‰) notation. In-house laboratory 
standards Yule-80 and Yule-120 were used to correct for instrument drift and linearity, 
respectively. The CO2 gas exsolved from the acid decomposition of carbonate minerals 
only contains two-thirds of the oxygen atoms within any one sample (Sharp, 2007; Kim 
et al., 2015). Consequently, applying an appropriate acid fractionation factor for the type 
of carbonate mineral being analyzed for δ18O stable-isotope ratios is necessary. 
Experimentally determined acid-fractionation factors for different carbonate minerals are 
widely published, and Kim et al. (2015) recently compiled these. Following the 
procedure of Kim et al. (2015), an acid fractionation factor of 1.01081 was applied to the 
δO18 stable-isotope ratio measurements for all of the dolostone samples analyzed. 
Because the acid-fractionation factor for the limestone samples is identical to the acid-
fractionation factor of the reference standards (NBS-18, NBS-19, and LSVEC) used in 
the analyses, it is unnecessary to apply an acid-fractionation factor to any of those 
samples (Kim et al., 2015). A precision of ±0.06 ‰ for these practices and techniques for 
this method are reported for all δ13C and δ18O stable-isotope ratios for the Cottonwood 
Canyon section. 
Sample Preparation and Laboratory Facies Analysis 
A total of 289 rock samples from the Cottonwood Canyon section were slabbed 
and faced perpendicular to the samples’ original horizontal orientation to expose a fresh, 
smooth surface. The 141 samples procured from Davis (2017) for the Green Canyon 
section were already identically prepared. Samples for each measured section were then 
examined under a binocular scope and categorized by lithofacies using the classification 
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of Dunham (1962) (Appendices A1 and A2). Representative samples that best represent 
the lithology were chosen, and thin sections were made to characterize the lithology and 
diagenetic textures. 
X-Ray Fluorescence Elemental Analyses  
Analyses for major and trace-element concentrations were performed with a 
Brucker Tracer III-V+ portable X-ray fluorescence (pXRF) spectrometer. A total of 431 
carbonate samples were analyzed, 290 from the Cottonwood Canyon section and 141 
samples from the Green Canyon section. No previous analyses of carbonate by pXRF 
were found in the literature. As a result, a new analytical methodology was developed 
using an open-source calibration software called CloudCal developed by Drake (2018). 
For a complete review of pXRF technology and an explanation of the methodology 
developed and applicable data, refer to Appendices B1 – B5.  
Markov Chain Analysis 
 A Markov chain is a model of a randomly-determined process, which describes a 
progression of occurrences where the probability of each occurrence depends only on the 
last occurrence (Lumsden, 1971; Powers and Easterling, 1982; Stanova et al., 2009). In 
geology, the application of Markov-chain analyses can test for non-random patterns of 
lithologic transitions through a lithologic succession (Lumsden, 1971; Powers and 
Easterling, 1982; Swan and Sandilands, 1995; Stanova et al., 2009). The information that 
can be ascertained from this type of analysis can be useful when determining possible 
relationships between individual facies when characterizing depositional cyclicity 
throughout a lithologic succession. 
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Markov-chain analyses were performed on each measured section of the Garden 
City Formation. Changes in lithologies, observed in hand-sample, for each stratigraphic 
section were summarized in a m x m transition frequency matrix where m represents the 
total number of lithologies. The transition frequency matrix for each measured section 
was constructed by recording the number of times each lithology transitioned into each of 
the other lithologies vertically in a section, represented within the matrix by row and 
column, respectively. Lithologies that transitioned into the same lithology type were 
considered to originate from the same lithologic unit and not recorded; this forces the 
transition matrix's main diagonal frequencies to be zero, resulting in what is termed as an 
embedded Markov chain. Transitions from or into dolostone were also not recorded 
because the dolostone's primary depositional features may no longer be present due to 
secondary alteration. To ensure the transition frequency matrix was constructed correctly, 
totals of each row and column were taken and summed. If correctly constructed, the sum 
of the row totals will equal the sum of the column totals. The data gathered from the 
transition frequency matrix was then tested for randomness following the quasi-
independence procedure for embedded Markov chains described by Powers and 
Easterling (1982) to construct an expected frequency matrix and use of chi-square 
statistical tests. 
 An upward transition probability matrix was constructed for each section, based 
on the transition frequency matrix from each measured section. This was done by 
dividing each transition within the transition frequency matrix by their respective row 
totals. The resulting transition probability matrices can then be used to determine likely 
transitions of lithologic succession for each measured section.  
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Biostratigraphy 
 Paleontological studies of the Garden City Formation and the Pogonip Group 
have shown that these two rock units are coeval (Ross, 1949, 1951; Hintze, 1951, 1952, 
1973b; Ethington and Clark, 1981; Ross et al., 1997). While the Pogonip Group is not the 
focus of this study, it is of particular interest due to its well-studied paleontological 
record. While no one paleontological study of the Garden City Formation can provide a 
comprehensive paleontological record for a single species, a relatively complete 
biostratigraphic record of multiple species can be pieced together from a combination of 
studies for the entirety of the Garden City Formation. This multi-species biostratigraphic 
record for the Garden City Formation is then comparable to the Pogonip Group's 
biostratigraphic record, which allows for the application of biostratigraphic ages to the 
Garden City Formation, as well as the comparison to global sea-level and isotopic curves. 
 Paleontological data on the Garden City Formation were compiled from studies 
performed by Ross (1951), Landing (1981), and Adrain et al. (2002, 2009, 2014). 
Biostratigraphic zones containing a combination of shelly fossils and conodonts were 
produced for the Garden City Formation from this compilation. Ross et al. (1997) 
summarized paleontological studies of many different workers for the Ibexian fauna 
found within the Pogonip Group. The work done by Ross et al. (1997) produced revised 
shelly fossil and conodont assemblage zones for the Ibexian Series, which includes the 
Pogonip Group. Ross et al. (1997) compared these revised shelly fossil and conodont 
zones with the older shelly fossil and conodont zones of Hintze (1973b) and Ethington 
and Clark (1981). Ross et al. (1997) only provided stratigraphic positions for the newly 
revised shelly fossil and conodont zones and not for the older zones they were compared 
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to. To more easily correlate biostratigraphic zones between the Garden City Formation 
and the Pogonip Group, the original studies by Hintze (1973b) and Ethington and Clark 
(1981) were re-evaluated to determine the stratigraphic positions of these older 
biostratigraphic zones. This re-evaluation allows for the placement of ages based on the 
conodont zonations of North America (Cooper et al., 2012) and also allows for the 




 The Garden City Formation in the study locations is dominated mostly by a 
carbonate lithology. A total of seven lithofacies were identified within the Garden City 
Formation. Only six of these lithofacies are common to sections in both Cottonwood 
Canyon and Green Canyon: lime-mudstone, calcisiltite, wackestone/packstone, 
floatstone/rudstone (Fig. 6), and boundstone (Fig. 7). Dolostone is also present at both 
locations but only makes up a minor portion of both sections (Fig. 6). A quartz siltstone is 
also found at the top of the Cottonwood Canyon section and marks the transition from the 
Garden City Formation to the overlying Swan Peak Formation (Fig. 6). The quartz 
siltstone is either missing or covered in the Green Canyon section of the Garden City 
Formation. 
Lime-Mudstone 
This lithofacies is present throughout the formation (Fig. 6A). It weathers light 
gray to gray and is typically thick bedded with lesser thin beds. Visible fossils are sparse 
and usually only visible in samples with a freshly cut polished surface. No fossils were 
found in thin-section (Figs. 8A, 9A). Fossils consist of common trilobite fragments and 
lesser brachiopod fragments.  
Calcisiltite 
This lithofacies exhibits a distinct nodular texture in outcrop, with calcisiltite 
nodules weathering gray to whitish-gray and consisting of silt-sized carbonate particles 
(Fig. 6B). The calcisiltite nodules are separated by dolomitic clayey partings that 
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Figure 6. Representative examples of lithofacies in the Garden City Formation in 
outcrop. (A) Lime-mudstone (Lm) with interbedded calcisiltite (Cs); (B) calcisiltite; (C) 
wackestone/packstone; (D) floatstone/rudstone; (E) dolostone; (F) siltstone (Sl) with 
interbedded rippled wackestone/packstone (W/P). 
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Figure 7. Example of boundstone lithofacies (dashed red line) found in the Garden City 
Formation. This outcrop is between 73 – 88 m in the Green Canyon section. Figure 
modified from Davis (2017). 
weather tan to orange-brown. Like the lime-mudstone lithofacies, fossils are sparse, 
consisting of fragmented crinoids and trilobites, and are only visible in samples with a 
freshly cut and polished surface. As with the lime-mudstone, no fossils were found in 
thin-section (Figs. 8B, 9C). Brachiopods may also be present throughout this lithology, 
but evidence for them was only verified in a single sample. 
Wackestone/Packstone 
This lithofacies weathers light to dark blackish gray. Thickness ranges from thin 
to thick bedded (Fig. 6C). The wackestone/packstone contains argillaceous layers that 
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Figure 8. Representative plain light photomicrographs of lithofacies in the Garden City 
Formation. (A) Lime-mudstone; (B) calcisiltite; (C) wackestone/packstone containing 
trilobite and echinoderm fragments; (D) dolostone with relict structures; (E) 
floatstone/rudstone containing trilobite, gastropod, and echinoderm fragments; (F) 
floatstone/rudstone containing elongated lime-mudstone intraclasts; (G) siltstone. 
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Figure 9. Magnified cross-polarized photomicrographs of representative lithologies in 
the Garden City Formation. (A) Lime-mudstone; (B) gastropod fragment in the 
floatstone/rudstone; (C) transported carbonate grains in the calcisiltite; (D) dolostone 
showing no primary depositional textures except for unidentifiable circular ghost grains 
in some crystals (E) tubular Nuia and trilobite and echinoderm fragments, common in the 
wackestone/packstone; (F) sub-angular to angular quartz grains in siltstone. 
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weather tan to orange-brown (Fig. 6C). Fossil fragments, highly abundant throughout this 
lithofacies, consist of poorly-sorted crinoid and trilobite fragments and unidentified fossil 
fragments. Nuia, a type of alga, is also common throughout this lithofacies (Figs. 8C, 
9E).  
Floatstone/Rudstone 
This lithofacies weathers light gray and can be thin to thick bedded (Fig. 6D). 
Argillaceous layers, weathering tan to orange-brown, are also present throughout this 
lithology, but not common. Elongated intraclasts primarily comprising lime-mudstone are 
common within this lithology (Fig. 8F); intraclasts also comprise wackestone/packstone 
but are not nearly as common. The rock matrix is lime-mud and varies in amount from 
minimal matrix present, or grain supported, to matrix-supported throughout this 
lithology. Poorly sorted fossil fragments consisting of trilobites, crinoids, and gastropods 
are highly abundant throughout (Fig. 9B).  
Dolostone 
This lithofacies weathers light gray and are generally massive but can show an 
argillaceous texture that weathers tan to orange-brown (Fig. 6E). This lithofacies consists 
of highly recrystallized fine to coarse crystalline dolostone. Because of the high degree of 
recrystallization, the original depositional textures are not recognizable (Figs. 8D, 9D). 
Siltstone 
This lithofacies weathers light brown to gray and is moderately thick to thinly 
bedded, with bedding thickness reaching no more than 1 m. This lithofacies consists of 
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well-sorted sub-angular to angular quartz grains ranging from 16 to 35 µm in size (Figs. 
8G, 9F).  
Boundstone 
 The exposure of this lithofacies is extremely limited in the Cottonwood Canyon 
section of the Garden City Formation. Because of this limited exposure, descriptions for 
this lithofacies will be based on the field observations made by Morgan (1988), Pearce 
(2012), and Davis (2017) from other study locations within the Garden City Formation. 
Davis (2017) described this lithofacies as a fined-grained lime-mudstone with vertical 
and horizontal calcite-filled fenestrae. Boundstones are generally thick bedded but can 
also be finely laminated, and weather light gray (Pearce, 2012; Davis, 2017). This 
lithology contains few fossils, including crinoid fragments, sponge spicules, Nuia, and 
Calathium (Pearce, 2012).  
Markov Chain Analysis 
 For each measured section of the Garden City Formation, a total of 79 lithofacies 
transitions and 143 lithofacies transitions were recorded in Green Canyon and 
Cottonwood Canyon, respectively. The difference in the total number of lithofacies 
transitions between each measured section is due predominantly to the differences in 
sampling resolution of each measured section. The Green Canyon section's sampling 
resolution is half the sampling resolution for the Cottonwood Canyon section. The chi-
square analyses of each measured section's lithologic transition-frequency matrices and 
calculated expected frequency matrices (Table 1a-d) generated a chi-square value of 6.38 
and 8.12 for the Green Canyon and Cottonwood Canyon sections, respectively. The chi-
square values of 6.38 for the Green Canyon section and 8.12 for the Cottonwood Canyon
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Table 1. Matrices used in the analyses of lithologic transitions in the Garden City 
Formation for Green and Cottonwood Canyons. Tables 1a and 1b show the number of 
times where one lithology transitioned into another (for example, in table 1b, lithology Cs 
transitions into lithology Lm nine times and Lm transitions into Cs 12 times), for Green 
Canyon and Cottonwood Canyon, respectively. (Lm) Lime-mudstone; (Cs) calcisiltite; 
(F/R) floatstone/rudstone; (W/P) wackestone/packstone; (RT) row totals; (CT) column 
totals. Tables 1c and 1d show the calculated expected frequencies used in the chi-square 
statistical analyses for Green Canyon and Cottonwood Canyon, respectively. Tables 1e 
and 1f show the upward transition probabilities used to construct lithologic relationship 
diagrams for Green Canyon and Cottonwood Canyon, respectively, summarized in Figure 
10.
 
section, correspond to a 27% and a 15% probability, respectively, that the rejection of the 
null hypothesis, that the deposition of carbonate sediments is random and not by 
Markovian process, is incorrect.  
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Based on the calculated upward transition matrices (Table 1e-f), Figure 10 shows 
the most probable upward transitions between lithofacies for each measured section. As 
demonstrated by the chi-square analysis of each measured section, there exists some level 
of significance that the deposition of carbonate sediments within the Garden City 
Formation is not random. This information will allow for a better understanding of 
lithofacies transitions, which will permit a more rigorous interpretation of depositional 
environments within the Garden City Formation. 
 
Figure 10 Lithofacies relationship diagram. The diagram shows the most probable 
upward transitions between lithologies for Cottonwood Canyon and Green Canyon. (Lm) 
Lime-mudstone; (Cs) calcisiltite; (F/R) floatstone/rudstone; (W/P) wackestone/packstone. 
Percentages indicate the probability of upward transition from one lithology to another, 
derived from Table 1e and 1f. 
Lithofacies Interpretations 
 Interpretation of depositional environments within the Garden City Formation is 
difficult due to the scarcity of sedimentary structures. Therefore, interpretations were 
based on rock type, fossils, and lithologic textures within each lithofacies and on 
lithofacies associations derived from the Markov chain analysis. Interpretations of 
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depositional environments and relative sea level were made with the information 
available for each of the seven identified lithofacies where possible. Detailed descriptions 
and interpretations are listed in Table 2. 
Physical Stratigraphy 
 The Garden City Formation has been described as consisting of two informal 
members, a lower intraformational conglomerate member and an upper cherty member 
(Ross, 1949, 1951). A detailed examination of the lithology of the Garden City Formation 
shows that further subdivision of the lower member is possible. In this study, the Garden 
City Formation is divided into four informal members: a basal lime-mudstone member 
followed by the floatstone/rudstone, calcisiltite member, the wackestone/packstone, 
floatstone/rudstone member, capped by the upper cherty member. 
Lime-Mudstone Member 
The lime-mudstone member makes up the first 106 m and 96.5 m of the Garden 
City Formation in Cottonwood Canyon and Green Canyon, respectively. The lime-
mudstone member at both sections overlies the St. Charles Formation at a diachronous 
disconformity (Landing, 1981) (Fig. 3). The basal contact (lower ~2.5 m) of the lime-
mudstone member is covered at the Green Canyon section. In contrast, the contact 
between the two formations at the Cottonwood Canyon section is fully exposed. Both 
sections have a basal dolostone 3 to 6.5 m thick, followed by an interval of lime-
mudstone, calcisiltite, floatstone/rudstone, and wackestone/packstone. The lime-








A stratigraphic zone of thrombolites, made up of many repeating thrombolite 
horizons, is present near the top of the lime-mudstone member at both sections (Fig. 11). 
The thrombolite zone in the Cottonwood Canyon section extends from 65 m above the 
base of the formation to 106 m above it (Morgan, 1988), at the top of the lime-mudstone 
member. The zone of thrombolites in the Green Canyon section begins 73 m above the 
base of the formation and ends at 88 m above it (Morgan, 1988; Davis, 2017) 9 m below 
the top of the lime-mudstone member (Fig. 11). 
Floatstone/Rudstone, Calcisiltite Member 
Above the lime-mudstone member, the floatstone/rudstone, calcisiltite member 
begins at 106 m and 96.5 m above the base of the Cottonwood Canyon and Green 
Canyon sections, respectively. This member is dominated by floatstone/rudstone and 
calcisiltite lithologic transitions (Fig 12). Lime-mudstone and wackestone/packstone are 
also present in this member but are uncommon, with wackestone/packstone concentrated 
toward the bottom of the member and lime-mudstone concentrated higher in the member, 
at both localities (Fig. 12). At the Cottonwood Canyon section, this member is 
approximately 111.5 m to 120.5 m thick. The top of this member at this section is 
covered, and ends between 217.5 m and 226.5 m above the section's base (Fig 12). The 
floatstone/rudstone, calcisiltite member at the Green Canyon section is 112 m thick, with 
the top of the member ending 209 m above the base of the section (Fig 12). 
Wackestone/Packstone, Floatstone/Rudstone Member 
 The base of the wackestone/packstone, floatstone/rudstone member at the 




Figure 11. Stratigraphic columns of the Lime-Mudstone Member in the Garden City 
Formation at the Cottonwood Canyon and Green Canyon sections. The stratigraphic 
levels of the thrombolite zone for the Green Canyon and Cottonwood Canyon sections 
are based on data reported by Davis (2017) and Morgan (1988), respectively. 
217.5 m and 226.5 m above the base of the section. The wackestone/packstone, 
floatstone/rudstone member at the Green Canyon section begins at 209 m above the base 
of the section. This member of the Garden City Formation is dominated by 
wackestone/packstone and floatstone/rudstone (Fig. 13). Calcisiltite is also present 
throughout this member but is not prevalent (Fig. 13). The lime-mudstone lithofacies was 




Figure 12. Stratigraphic columns of the Floatstone/Rudstone, Calcisiltite Member in the 
Garden City Formation at both the Cottonwood Canyon and Green Canyon sections. 
wackestone/packstone, floatstone/rudstone member, is approximately 78.5 to 88.5 m 
thick. It ends 306 m above the base of the section at Cottonwood Canyon. At the Green 
Canyon section, the wackestone/packstone, floatstone/rudstone member is 74 to 102 m 
thick, due to cover between the top of this member and the overlying upper cherty 




Figure 13 Stratigraphic columns of the Wackestone/Packstone, Floatstone/Rudstone 
Member in the Garden City Formation at both the Cottonwood Canyon and Green 
Canyon localities. 
Upper Cherty Member 
The upper cherty member at the Cottonwood Canyon section begins 306 m above 
the base of the section. At the Green Canyon section, the base of this member is covered, 
and thus, begins between 283 m and 311 m above the base of the section. The upper 
cherty member is dominated by alternating wackestone/packstone and calcisiltite (Fig. 
14). Black and brown chert is present throughout this member at both localities. Chert 
can be bedded or nodular, and locally makes up as much as 70% of the outcrop (Fig 14). 
At the Cottonwood Canyon section, the top of the upper cherty member transitions 




Figure 14. Stratigraphic columns of the Upper Chert Member in the Garden City 
Formation at both the Cottonwood Canyon and Green Canyon sections. Lithofacies 
identification for the Green Canyon section based on hand samples from Davis (2017). 
to dolostone 35.4 m below the top of the section (Fig. 14). The dolostone of the upper 
cherty member at the Cottonwood Canyon section grades into quartz siltstone with 
intertonguing rippled wackestone/packstone interbeds through 2.4 m (Fig. 6), beginning 
at 432 m, which grades into the overlying Ordovician Swan Peak Formation at 434.4 m 
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above the base of the section (Fig. 14). The upper cherty member at the Cottonwood 
Canyon section is 128 m thick. 
The quartz siltstone is either missing or covered in the Green Canyon section of 
the Garden City Formation. Oaks et al. (1977) commonly found a basal quartz siltite just 
above the Garden City Formation, sometimes with a thin shale below and immediately 
below dark shales. This was the subunit that permitted measured strikes and dips that 
convinced them of a low-angle regional disconformity at the contact. They considered 
this quartz siltite part of the Swan Peak Formation, partly because a thin shale was below 
it locally and partly because of the differences in strikes and dips. The stratigraphic 
column for the Green Canyon section used in this study is based on the column of Davis 
(2017), which shows an uncovered disconformity 394 m above the base of the section 
(Fig. 14). However, Morgan (1988) reports 6 m of cover at the top of her section in Green 
Canyon and reports the contact between the Garden City and Swan Peak Formations as 
being disconformable. Because of the cover at the bottom of this member, its thickness is 
between 84 and 111 m at the Green Canyon section. 
Geochemistry 
δ13C and δ18O Stable-Isotope Data 
 δ13C stable-isotope ratios for the Cottonwood Canyon section of the Garden City 
Formation range between -8.12 ‰ and 1.17 ‰ (Figure 15) (Appendix C1). The δ13C data 
show differing trends within this section of the Garden City Formation. From the contact 
with the underlying St. Charles Formation to 174 m above the base of the section, there is 
an overall decrease from -0.03‰ to -1.85‰ in δ13C values (Fig. 15). However, between 




Figure 15. δ13C and δ18O curves for the Cottonwood Canyon section of the Garden City 
Formation. Curves are plotted against their stratigraphic position and lithologic member 
for this measured section. For further detail of each lithologic member, refer to Figs. 11 – 
14. 
with δ13C values increasing from -1.46‰ to 1.17 ‰ (Figure 15). From 174 m to 354m 
above the base of the section, this overall decrease is followed by an overall increase 
from -1.85‰ to -1.31‰ in δ13C values. Between 357 and 376.5 m above the base of the 
section, a 2.02‰ negative excursion shows δ13C values decreasing from -1.62‰ to 
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-3.64‰ (Fig. 15). Above 376.5 m in the section, δ13C values increase from -1.18‰ to -
0.59‰, up to 426 m above the base of the section. From there to the section top at 434.5 
m, there is a 7.53‰ negative excursion with values approaching -8.16 ‰. The top of this 
excursion marks the boundary between the Garden City Formation and the overlying 
Swan Peak Formation (Fig. 15).  
 δ18O stable isotope ratios for the Cottonwood Canyon section of the Garden City 
Formation range between -15.21 ‰ and -6.60 ‰ (Fig. 15) (Appendix C1). Above a sharp 
increase in values just above the contact with the St. Charles Formation, the δ18O values 
generally increase 3.61‰ up to 366 m above the base of the section (Fig. 15). There the 
δ18O values generally decrease until 397.5 m above the base of the section (Fig. 15). 
Above there, the δ18O values fluctuate between -10.00‰ and -6.92‰ until 429 m above 
the base of the section, where there is a large negative excursion approaching -14.00 ‰ 
(Fig. 15). δ13C and δ18O stable isotope ratios for the Green Canyon section of the Garden 
City Formation were previously described by Davis (2017). Figure 16 shows those δ13C 
and δ18O stable-isotope ratio curves in relation to the lithologic members described herein 
(Appendix C2).  
X-ray Fluorescence Data 
 Elemental concentrations for the Cottonwood Canyon section of the Garden City 
Formation range between 0 and 18.69 wt.% for MgO, 0.09 and 9.66 wt.% for Al2O3, 1.15 
and 68.81 wt.% for SiO2, 0.36 and 4.71 wt.% for Fe2O3, 0 and 1409 ppm for manganese, 
and 30 and 489 ppm for strontium (Fig. 17). Elemental concentrations for the Green 




Figure 16. δ13C and δ18O curves for the Green Canyon section of the Garden City 
Formation. Curves are plotted against their stratigraphic position and lithologic member 
for this measured section. For further detail of each lithologic member, refer to Figs. 11 – 
14. δ13C and δ18O stable isotope data from Davis (2017). 
0.06 and 8.51 wt.% for Al2O3, 0.56 and 40.83 wt.% for SiO2, 0.30 and 3.14 wt.% for 
Fe2O3, 2 and 726 ppm for manganese, and 34 and 527 ppm for strontium (Fig. 18). 
Concentrations of MgO at both localities tend to stay within 0 to 4 wt.% throughout both 





Figure 17. Elemental-concentration curves for the Cottonwood Canyon section of the Garden City Formation. The curves for MgO, 
Al2O3, SiO2, Fe2O3, Mn, and Sr are plotted against their stratigraphic position and lithologic member. The uppermost interbedded 





Figure 18. Elemental-concentration curves for the Green Canyon section of the Garden City Formation. The curves for MgO, Al2O3, 
SiO2, Fe2O3, Mn, and Sr are plotted against their stratigraphic position and lithologic member. 
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at both localities (Figs. 17, 18). Other elemental concentrations besides the previous 
elements described were also determined but are not of particular interest in relation to 
this study (Appendices C3 and C4). 
Diagenetic Assessment 
 Because primary isotopic and chemical compositions within carbonates can be 
altered through diagenetic processes, it is necessary to assess if such has occurred before 
any rock-chemistry interpretations can be considered valid. Covariation between δ13C and 
δ18O values is a common indicator of diagenetic alteration (Hudson, 1977; Knoll et al., 
1995). Cross-plots of δ13C and δ18O data for the Green Canyon section and the 
Cottonwood Canyon section of the Garden City Formation, Figure 19 and Figure 20, 
respectively, show no obvious covariation between δ13C and δ18O stable isotope ratios for 
either section. Diagenetic alteration commonly lowers δ18O values (Knoll et al., 1995) as 
well as narrows the range of the δ18O values to reflect meteoric water (Allan and 
Matthews, 1977, 1982; Railsback et al., 2003; Theiling et al., 2007). High Mn/Sr ratios, 
which indicate an increase in Mn and a decrease in Sr, can also indicate meteoric 
digenetic alteration (Brand and Veizer, 1980; Knoll et al., 1995), whereas increased Mn, 
Sr, and Na concentrations are typical of diagenetic alteration due to burial (Al-Aasm and 
Veizer, 1986; Rao, 1990). 
Due to the methods used in obtaining the elemental-concentration data for the 
samples within this study, it was not possible to acquire Na data. Simultaneous increases 
in Mn and Sr were not observed in either the Cottonwood Canyon or Green Canyon 
sections of the Garden City Formation (Figs. 17, 18), which most likely rules out 




Figure 19. δ13C and δ18O cross-plot for the Green Canyon section of the Garden City 
Formation. δ13C and δ18O stable isotope data, R2 = 0.17. Data from Davis (2017). 
Canyon and Green Canyon sections show elevated Mn/Sr ratios, indicating local 
alteration due to meteoric diagenesis. These elevated Mn/Sr ratios correlate with altered 
dolostones (See Appendices C3 and C4 for Mn/Sr ratio data). Knoll et al. (1995) 
suggested that Mn/Sr ratios greater than 10 may also correspond to altered δ13C values. 
No samples from the Green Canyon section of the Garden City Formation have Mn/Sr 
ratios greater than 4.84, with an average Mn/Sr ratio of 0.73 for the entire section. The 
Mn/Sr ratio data, along with the observations made from the cross-plot for the Green 




Figure 20. δ13C and δ18O cross-plot for the Cottonwood Canyon section of the Garden 
City Formation, R2 = 0.01. 
Formation have undergone minor amounts of alteration, most likely due to interactions 
with meteoric water. The Mn/Sr ratios for the Cottonwood Canyon section appear to 
follow the same trend as those from the Green Canyon section until 399 m above the base 
of the section, where the Mn/Sr ratios are higher than 10. The highest Mn/Sr ratio 
recorded for the Cottonwood Canyon section is 42.12 with an average Mn/Sr ratio of 2.10 
for the entire section. Like the Green Canyon section, data from the Cottonwood Canyon 
section show that certain areas within this section of the Garden City Formation have 
undergone alteration, most likely due to interactions with meteoric water. The top of the 
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Cottonwood Canyon section may have undergone far more alteration, which could affect 
δ 13C and δ18O values. This calls into question the validity of these values within this area 
of the section. Banner and Hanson (1990) found severe differences in oxygen and carbon 
concentrations in diagenetic fluids and that δ13C equilibrates at water/rock ratios three 
orders of magnitude higher (103) than δ18O in carbonate minerals. Because of these 
differences in water/rock ratios needed to affect δ13C and δ18O values, the δ18O values in 
the areas where diagenetic alteration is evident for both the Cottonwood Canyon and 
Green Canyon sections have been affected likely do not represent primary depositional 
values, whereas the δ13C values may still represent the primary depositional values. 
However, the large negative δ13C values at the top of the Cottonwood Canyon section are 
likely to be altered and should be treated with caution. 
Biostratigraphy 
A comprehensive composite biostratigraphic record was compiled from previous 
biostratigraphic studies of the Garden City Formation and the contemporaneous Pogonip 
Group (Fig 21). Most workers who have performed paleontological studies of the Garden 
City Formation conducted their work in Hillyard Canyon (Fig.1). For this study, it will be 
assumed that the biostratigraphic zones determined from the Hillyard Canyon locality of 
Ross (1949, 1951), Landing (1981), and Adrain et al. (2002, 2009, 2014) directly transfer 
to the Cottonwood Canyon locality. This assumption can be made due to the similarities 
in the Garden City Formation's overall thickness at these two localities, 434 m at 
Cottonwood Canyon, this paper, and 439 m at Hillyard Canyon as reported by Ross 






Figure 21. Faunal zone correlation and ages for the Garden City Formation and the Pogonip Group. The diagram shows the 
correlation of shelly fossil and conodont zones from multiple studies of the Garden City Formation and the Pogonip Group. Age 
calibrations based on the North American Midcontinent conodont zonations after Cooper et al. (2012). 
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places the Cottonwood Canyon and Hillard Canyon sections deeper within the basin (Fig. 
1), which supports this assumption. 
From the data compiled from these previous paleontological studies of the Garden 
City Formation, a total of twelve faunal zones were established, from which a correlation 
between the Cottonwood Canyon and Green Canyon sections was constructed (Fig. 22). 
Because these zones directly correlate with faunal zones established from previous works 
in the Pogonip Group, it is possible to correlate the different faunal zones between the 
Garden City Formation and the Pogonip Group. This allowed for faunal zones in the 
Garden City Formation to be calibrated with the conodont ages established by Cooper et 
al. (2012) (Table 3). Three of the twelve established faunal zones in the Garden City 
Formation contain subzones of trilobites established by Adrain et al. (2002, 2009, 2014) 
(Table 4), but because these subzones cannot be directly correlated with the Pogonip 




Figure 22. Correlation of local faunal zone boundaries and rock members between the 
Cottonwood Canyon and Green Canyon sections of the Garden City Formation. Age 
calibrations based on the North American midcontinent conodont zonations after Cooper 




Table 3. Stratigraphic position and age data of shelly fossil and conodont zones from multiple studies of the Garden City Formation 





Table 3 continued. Stratigraphic position and age data of shelly fossil and conodont zones from multiple studies of the Garden City 
Formation and the Pogonip Group. 
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Table 4. Stratigraphic position and age data of fossil zones and fossil subzones for the 





The 12 faunal zones established in this study based on the biostratigraphic records 
for the Garden City Formation and the Pogonip Group have generated a far more accurate 
biostratigraphic correlation between the two rock units. By combining the biostratigraphy 
of Ross (1949, 1951) for the Garden City Formation with the newer research of Adrain et 
al. (2002, 2009, 2014) and the conodont research of Landing (1981), it was possible to 
create a far more robust biostratigraphic framework for the unit. The biostratigraphic 
record for the Pogonip Group was also readily calibrated with conodont ages established 
by Cooper et al. (2012), which allowed the composite biostratigraphic record for the 
Garden City Formation to be calibrated with the radiometric geologic timeline (Fig. 23). 
Based on the biostratigraphic correlation between the Garden City Formation and 
the Pogonip Group, deposition of the Garden City Formation spanned ~16.4-million 
years, between ~485.4 Ma and ~469.0 Ma (Figs. 21, 23). The time-calibrated 
biostratigraphy also allows the comparison of average sediment accumulation rates for 
both the Garden City Formation and the Pogonip Group. Assuming that there are no 
significant lapses of deposition in the Garden City Formation and in the Pogonip Group, 
the biostratigraphy suggests that there were seven intervals when a greater thickness of 
sediment was deposited within the Pogonip Group than in the Garden City Formation, but 
only three vice versa, and two were about equal (Fig 23). The biostratigraphic correlation 






Figure 23. Correlation of faunal zones of the Garden City Formation and the Pogonip Group, with their radiometric ages. The 
different thicknesses of individual faunal zones between the Garden City Formation and the Pogonip Group illustrate the differences 
in average sedimentation rates within each specific time interval. 
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applicability of different types of correlation techniques, which will be discussed in the 
following sections. 
Geochemistry 
δ13C and δ18O Stable-Isotope Correlation 
 The Cottonwood Canyon and Green Canyon sections of the Garden City 
Formation show similar trends in their respective δ13C and δ18O stable-isotope curves 
(Figs. 24, 25). Comparison of the δ13C isotope curves between the two sections shows a 
short-lived positive δ13C excursion near the base of each section (Fig. 24). Directly 
following this positive δ13C excursion in each section, δ13C ratios begin to decrease 
overall but show some fluctuations until the beginning of the P. contracta faunal zone at 
both localities (Fig. 24). The beginning of the P. contracta faunal zone marks a gradual 
increase in δ13C ratios upward at both sections until the upper portion of shelly fossil 
zone I & J, where there is a negative excursion in δ13C ratios just before shelly fossil zone 
K & L (Fig. 24). The δ13C ratios increase through shelly fossil zone K & L at both 
sections until near the top of the unit where some variations in δ13C ratios exist. At the 
Cottonwood Canyon section, the top of the Garden City Formation is marked by a large 
negative δ13C excursion. This negative δ13C excursion was not recorded by Davis (2017) 
at the Green Canyon section. This may be further evidence for the low-angle 
disconformity proposed by Oaks et al. (1977). Another explanation for this missing δ13C 
excursion in Green Canyon could be that it was not sampled by Davis (2017), as the 
contact between the Garden City Formation and the Swan Peak Formation along this 





Figure 24. Correlation of δ13C stable-isotope, biostratigraphic, and age data for the 
Cottonwood Canyon and Green Canyon sections of the Garden City Formation. δ13C 




Figure 25. Correlation of δ18O stable-isotope, biostratigraphic, and radiometric age data 
for the Cottonwood Canyon and Green Canyon sections of the Garden City Formation. 
δO18 stable-isotope data from Davis (2017). 
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 Davis (2017) has shown that δ13C ratios from the Green Canyon section of the 
Garden City Formation correlate regionally with δ13C stable-isotope ratios from the 
Pogonip Group via the biostratigraphic record developed by Ross (1949, 1951). Edwards 
and Saltzman (2014) demonstrated a global correlation of δ13C stable-isotope ratios from 
the Pogonip Group with δ13C ratios from the Argentine Precordillera (Buggisch et al., 
2003). The δ13C stable-isotope ratio data from the Pogonip Group and the Argentine 
Precordillera were then shown by Wu et al. (2020) to correlate with δ13C stable-isotope 
ratios from the Yangtze Platform. From the associated biostratigraphic data from these 
studies, a correlation between the composite biostratigraphic record developed in this 
study was accomplished (Fig. 26). This allowed for a more robust global correlation of 
δ13C stable-isotope ratios with the Garden City Formation (Fig. 27). 
 Davis (2017) placed the lower positive δ13C excursion in the Green Canyon 
section of the Garden City Formation at 62 m above the base of the section, within fossil 
assemblage zone D of Ross (1949, 1951) (Fig. 21). This δ13C excursion correlates with 
the R. leboni faunal zone of the composite biostratigraphic record. When compared with 
the lower positive δ13C excursion recorded at the Cottonwood Canyon section, it is 
apparent that these two δ13C excursions differ (Fig. 24). The lower δ13C excursion 
recorded at the Cottonwood Canyon section is in the Low Diversity Interval of the 
composite biostratigraphic record, which better correlates with the lower positive δ13C 
excursion recorded in the Ibex Basin, the Argentine Precordillera, and the Yangtze 
Platform (Fig. 27). 
The observations made by Kehoe et al. (2015) in the lateral and vertical 




Figure 26. Biostratigraphic correlation of the composite stratigraphic zones of the 
Garden City Formation with conodont zones from the Ibex Basin (Ethington and Clark, 
1981; Edwards and Saltzman, 2014), the Argentine Precordillera (Buggisch et al., 2003), 
and the Yangtze Platform (Wu et al., 2020). Dap. = Dapingian.  
recorded at the Green Canyon section. Kehoe et al. (2015) showed that fluctuation in 
δ13C and δ18O stable-isotope ratios could be present in a single stratigraphic interval 
(Figure 4). However, Kehoe et al. (2015) did not provide an explanation for such δ13C 
and δ18O stable-isotope fluctuations. Most likely, this results from one or more localized 
environmental factors at the time of deposition or a following diagenetic event. 
Nevertheless, the observations by Kehoe et al. (2015) and in this study show that sole 
reliance on δ13C and δ18O stable-isotope ratios for correlations can be problematic, and 
that correlation based solely on isotopic shifts can be ambiguous. This conclusion further 






Figure 27. Correlation of δ13C data from the Northern Utah Basin, the Ibex Basin (Edwards and Saltzman, 2014; Davis, 2017), the 
Argentine Precordillera (Buggisch et al., 2003), and the Yangtze Platform (Wu et al., 2020) based on conodont zonations and the 
composite biostratigraphic framework developed herein. Refer to Figure 25. Orange indicates the lower global positive δ13C excursion 
and the Tule Valley lowstand, and trilobite and conodont extinctions as reported by Miller et al. (2003, 2012); Edwards and Saltzman 
(O2014), and Davis (2017). Gray zones also indicate global δ13C signals, but these signals could not be correlated to any recorded 
geologic event (i.e., change in sea level, extinction event). Extended δ13C correlations with the Pogonip Group from Davis (2017) and 
Garden City Formation are from this study. Correlations made between the Pogonip Group from Edwards and Saltzman (2014), the 
Argentine Precordillera from Buggisch et al. (2003), and the Yangtze Platform from Wu et al. (2020) were made by Wu et al. (2020). 
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correlation tool used in conjunction with δ13C and δ18O stable-isotope ratios to make 
more dependable correlations. 
Carbonate δ13C values of marine carbonate precipitates normally form in near 
equilibrium with the δ13C values of oceanic dissolved inorganic carbon (DIC), and can be 
related to primary productivity, organic carbon, temperature, weathering, ocean 
circulation, and a variety of other environmental factors (Holmden et al., 1998; 
Immenhauser et al., 2002; Sharp, 2007; Mackensen and Schmiedl, 2019). The lower 
positive δ13C excursion recorded in the Garden City Formation as well as in the Ibex 
Basin (Edwards and Saltzman, 2014; Davis, 2017), the Argentine Precordillera (Buggisch 
et al., 2003), and on the Yangtze Platform (Wu et al., 2020), appears to represent a 
global-wide δ13C signal at the time of carbonate deposition in Early Ordovician seawater 
(Figure 26). Positive δ13C excursions are commonly an indicator of increased primary 
productivity and burial of organic carbon in the deep sea (Kroopnick, 1974; Mackensen 
and Schmiedl, 2019). Photosynthesizing organisms will preferentially incorporate 12C, 
enriching 13C in the ocean’s photic zone (Sharp, 2007; Mackensen and Schmiedl, 2019). 
As these photosynthesizing organisms die, many fall from the ocean's surface waters into 
the deep ocean, and are oxidized, which releases 12C into the deeper ocean waters (Sharp, 
2007; Cartapanis et al., 2018; Mackensen and Schmiedl, 2019). 
Two differing hypotheses have been proposed to explain the positive delta 13C 
excursions. The “ aquafacies model,” originally proposed by Holmden et al. (1998) and 
improved upon by Fanton and Holmden (2007), related positive δ13C excursions to rising 
sea levels that resulted in transgressions. Holmden et al. (1998) and Fanton and Holmden 
(2007) argued that restriction of circulation in the ocean would produce lateral δ13C 
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gradients. During sea-level lowstands, ocean circulation is restricted between distal and 
proximal areas of a carbonate platform (Holmden et al., 1998; Fanton and Holmden, 
2007). The pycnocline is a layer in the ocean where water density increases rapidly with 
depth and separates the warmer low-density surface waters from the cold, dense deeper 
waters. This creates a barrier to vertical water circulation (Lalli and Parsons, 1997) and is 
more pronounced in distal areas of carbonate platforms at sea-level lowstands (Fanton 
and Holmden, 2007). During lower sea levels, this prevents the flow of cool, nutrient-rich 
deeper waters to the platform's more proximal areas (Holmden et al., 1998; Fanton and 
Holmden, 2007). The restriction of circulation due to low sea level also inhibits primary 
productivity and prevents the mixing of 12C-enriched DIC sediment pore waters and 
runoff from rivers with deeper ocean waters. This in turn, lowers the δ13CDIC values in 
more proximal waters relative to the δ13CDIC values of more distal waters, thereby 
creating a lateral δ13C gradient (Holmden et al., 1998; Fanton and Holmden, 2007). As 
sea level rises, many restrictions to ocean circulation are surmounted. This allows the 
deeper offshore waters to enter more proximal areas of the platform, which promotes 
increased primary productivity and burial of organic carbon. That causes an enrichment 
in δ13CDIC, which is preserved in carbonate sediments (Holmden et al., 1998; Fanton and 
Holmden, 2007; Edwards and Saltzman, 2014). 
The “weathering hypothesis,” proposed by Kump et al. (1999) and further 
advanced upon by Melchin and Holmden (2006a, 2006b), attributed a positive δ13C 
excursion to falling sea levels brought on by the latest Ordovician Hirnatian and early 
Silurian Aeronian glaciations. During these glacial events, sea level fell and exposed 
large areas on carbonate platforms worldwide, which increased the weathering 
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dissolution rates of the exposed carbonate sediments (Kump et al., 1999; Melchin and 
Holmden, 2006a, 2006b). The increased rates of weathering of carbonate sediment would 
lead to mixing with river waters, and thus cause 13C enrichment of the normally lighter 
carbon transported by rivers across such platforms to the ocean (Kump et al., 1999; 
Melchin and Holmden, 2006a, 2006b). Melchin and Holmden (2006a, 2006b) also found 
that more distal areas from paleoshorelines showed weaker δ13C excursions due to being 
located further away from the carbonate platform's exposed areas, which provided the 
source of carbonate sediments. 
In the Pogonip Group, the lower positive δ13C excursion occurs near the contact 
between the House Limestone and the Fillmore Formation (Miller et al., 2003, 2012; 
Edwards and Saltzman, 2014; Davis, 2017). A fall in sea level, known as the Tule Valley 
lowstand, coincided with this lower positive δ13C excursion and corresponds to a trilobite 
and conodont mass extinction (Miller et al., 2003, 2012; Edwards and Saltzman, 2014; 
Davis, 2017). The aquafacies model states that a fall in sea level should correlate with a 
negative δ13C excursion. The δ18O stable-isotope data for the Cottonwood Canyon and 
Green Canyon sections of the Garden City Formation show a sharp increase in δ18O 
values, which correlates with the lower positive δ13C excursion (Figs. 24, 25). An 
increase in δ18O paired with a lower positive δ13C was also recorded in the Ibex Basin by 
Edwards and Saltzman (2014) and Davis (2017), as well as on the Yangtze Platform by 
Wu et al. (2020). Such δ18O excursions can indicate lower environmental temperatures 
and glaciations (Stanley, 2010). Glaciers will preferentially accumulate 16O (Stanley, 




From the evidence provided by the δ13C and δ18O data, it is plausible that the 
paired positive δ13C and δ18O excursions, the fall in sea level, and the conodont and 
trilobite extinctions thus could be explained by the “weathering hypothesis” of Kump et 
al. (1999). The onset of global cooling and possible glacial expansion would cause 
enrichment of 18O in the ocean waters which would be preserved, barring major 
diagenetic alteration, which seems unlikely based on the diagenetic analysis performed in 
this study. A fall in sea level due to glacial expansion would expose areas on carbonate 
platforms worldwide, promote erosion of carbonate sediments, and thus cause enrichment 
in δ13C as proposed by Kump et al. (1999). Global cooling could have also been a cause 
for the trilobite and conodont mass extinction. Similar events that have also involved 
positive δ13C and δ18O excursions, sea-level fall, and mass extinctions have also been 
recorded during the Late Ludlow Epoch (Late Silurian) by Wenzel and Joachimski 
(1996), at the Silurian/Devonian boundary by Isozaki et al. (2007), and during the Eocene 
by Coxall et al. (2005). However, no published evidence of glaciation was found for the 
Early Ordovician. Therefore, this explanation is speculative, and more research is needed 
to confirm or disprove this possibility. There is evidence of glaciations beginning around 
~454 Ma in the Late Ordovician (Hambrey, 1985; Pope and Steffen, 2003; Saltzman and 
Young, 2005). 
X-ray Fluorescence Data 
 The elemental-concentration data proved useful in the assessment of the 
diagenetic signature of the δ13C and δ18O stable-isotope data. The elemental-
concentration data also aided in the correlation between the Cottonwood Canyon and 
Green Canyon sections, which has allowed for refinement of the biostratigraphic and 
64 
 
δ13C and δ18O stable-isotope correlations between them (Appendix D1). While 
intrabasinal correlation using elemental concentrations is possible, interbasinal 
correlation is not as likely due to differing provenance of bedrock, which would provide 
differing amounts of elemental concentrations into their respective basins. 
Depositional Model 
Normal sedimentation in the Garden City Formation is comparable to what is 
found in a typical modern ramp, like what is seen off the Trucial Coast in the Persian 
Gulf (Fig. 28). Lime-mudstone deposited in the more distal areas grades shoreward into 
wackestones and packstones. Three facies not present in this ramp model include the 
thrombolitic boundstone, floatstone/rudstone, and calcisiltite facies. In the Garden City 
Formation, the thrombolitic boundstone facies form in the uppermost mid-ramp just 
above fair-weather wave base. They are not observed in the ramp model of the Persian 
Gulf, most likely due to grazing organisms in the modern oceans (Xiao et al., 2019)(Fig. 
28). The floatstone/rudstone and calcisiltite facies can be explained by storm-induced and 
other wave processes in the Garden City Formation. The floatstone/rudstone are likely 
not observed in the Persian Gulf model due to bioturbation (Lukasik et al., 2000). One 
possibility that could explain the absence of the calcisiltites in the Persian Gulf Model is 
the failure to separate the calcisiltites from muds by previous researchers. These three 
facies will be discussed below. 
Wave Processes: Deposition of Floatstone/Rudstone and Calcisiltite 
According to Morgan (1988), high-intensity ocean waves dominated 
sedimentation of the Garden City Formation, particularly within our upper three informal 




Figure 28. Lithofacies cross-section of a modern ramp off the Trucial Coast, Abu Dhabi, 
in the Persian Gulf, showing areas of depositional equivalence with the Garden City 
Formation. Figure modified from Jones (2010). 
shelf subtidal and inner-shelf peritidal environments separated by a buildup of skeletal 
material consisting of whole-fossil packstone (Fig. 2). This model argues that the 
calcisiltites and floatstone/rudstones in the Garden City Formation directly result from 
shoreward and some offshore sedimentation due to storm processes. During storm events, 
including hurricanes, barometric and wind effects raise the water level at the shore, 
known as coastal water set-up (Aigner, 1985; Morgan, 1988). Wind drag along the ocean 
surface creates wind-drift currents that flow toward the shore (Aigner, 1985). Oceanic 
wave-base is increased during storm events, allowing oscillatory circulation produced by 
waves to reach greater depths, thereby mobilizing deeper bottom sediments (Aigner, 
1985). Wind-drift currents then move non-cohesive skeletal material shoreward and 
create a shoal there. Water that flows with the wind-drift currents toward the shore is 
compensated by near-bottom return flows called gradient currents, which transport 
sediments out to deeper water, where they are deposited in fining-upward layers (Aigner, 
1985). A combination of these hydrodynamic conditions created by storm processes 
66 
 
results in hummocky cross-stratification, which is evident in the Garden City Formation 
(Pomar et al., 2012 and references therein).  
 Our research on the Garden City Formation did not recognize the skeletal buildup 
proposed by Morgan (1988) due to the rarity of whole-fossil packstone throughout both 
the Cottonwood Canyon and Green Canyon sections. The lithologic interpretations made 
by Morgan (1988) were based mostly on field observations. Our research showed that 
lithologic field interpretations are problematic due to the difficulty in characterizing 
different carbonate lithofacies in outcrop. Most carbonate facies in outcrop are seemingly 
similar throughout the Garden City Formation. As a result, slabbed and polished rock 
samples produced far better identification of lithologies than those obtained in the field. 
Therefore, this study relied mainly on high-resolution sampling and prepared rock 
samples for lithologic interpretations. 
Morgan (1988) analyzed 277 rock samples from five stratigraphic sections of the 
Garden City Formation. Of those, 59 samples were taken from the Cottonwood Canyon 
section, and 47 were taken from the Green Canyon section. When compared to the 289 
samples taken from the Cottonwood Canyon section of this current study and the 141 
samples obtained from Davis (2017) for the Green Canyon section, it became clear that 
the higher resolution of samples produced a more detailed record of lithologic deposits 
than that obtained by (Morgan, 1988). 
 As a result, our model for deposition of the Garden City Formation differs from 
the inner-shelf peritidal and outer-shelf subtidal model of adjacent environments 
proposed by Morgan (1988). However, we agree with Morgan (1988) that deposition of 
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the Garden City Formation was dominantly due to high-intensity ocean waves. Instead, 
lithofacies associations indicate a middle- to outer-carbonate ramp environment heavily 
influenced by high-intensity waves. Also, the scarcity of terrigenous input, except locally 
at the top, and the lack of a true grainstone (i.e., grains touching with no matrix between 
grains) throughout the Garden City Formation argue for an offshore depositional 
environment, mostly below normal wave base. Morgan (1988) reports grainstones in the 
Garden City Formation, but based on our findings, the grainstones of Morgan (1988) are 
most likely wackestone/packstone with a recrystallized lime-mud matrix. 
Two different wave processes can explain the deposition of floatstones/rudstones 
and calcisiltites. The first is the storm-induced, deep oscillatory surface-wave process 
previously described by Morgan (1988) for the Garden City Formation, with some 
modifications. Instead of mostly shoreward sedimentation, offshore sedimentation seems 
more likely due to the erosion of shoreface sediments by storm-induced gradient currents 
creating turbulent, offshore-directed suspension flows (Pérez‐López and Pérez‐Valera, 
2012; Al-Awwad and Pomar, 2015) (Fig. 29). As the turbulent flows begin to wane in 
deeper water, sediments begin to drop out of suspension, beginning with coarser material 
that forms floatstones and rudstones, followed by the finer calcisiltites. This series of 
events could account for the lithofacies stacking patterns seen in the Garden City 
Formation. Although based on this type of process, one would expect to find evidence of 
shoreface sediments, such as ooids or terrigenous material, within the redeposited 
sediments, this type of evidence is not apparent. The lack of reworked shoreface 
sediments also suggests the absence of a barrier separating the muds of a lagoon 




Figure 29. Model showing deposition of sediment from storm-induced gradient currents 
caused by surface waves. Modified from Al-Awwad and Pomar (2015). 
would suggest that the provenance of the lime-mud intraclasts found in the 
floatstone/rudstone lithofacies is located farther seaward. Also, as seen in most turbidites, 
a finning upward gradation of sediment between the floatstone/rudstone and calcisiltite 
facies would be expected. Instead, sharp contacts between these two different facies are 
observed.  
 A second wave process that might explain deposition of the floatstones/rudstones 
and the calcisiltites are internal waves. Ocean waves propagate along the contact where 
two fluids of differing densities meet (Pomar et al., 2012). Surface waves propagate 
along the contact between lighter-density air and heavier-density water, whereas internal 
waves propagate along the pycnocline (Bascom, 1964; Pomar et al., 2012; Bádenas et al., 
2012; Al-Awwad and Pomar, 2015). Erosional processes due to high-intensity surface 
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waves induced by storm events tend to dominate shallower nearshore areas. In contrast, 
the erosional processes of internal waves, induced by storms, tidal currents, changes in 
depth of the pycnocline, and other processes, occur in mid-ramp settings (Bádenas et al., 
2012; Al-Awwad and Pomar, 2015). 
 Internal waves behave similarly to surface waves (Pomar et al., 2012; Bádenas et 
al., 2012; Al-Awwad and Pomar, 2015). Surface waves propagate until the wave over-
steepens from basal drag and breaks near shore in shallow water, whereas internal waves 
similarly break where the pycnocline intersects the seafloor (Pomar et al., 2012; Bádenas 
et al., 2012; Al-Awwad and Pomar, 2015). Consequently, where an internal wave breaks, 
it creates turbulent vortices that erode and entrain sediments on the seafloor. This also 
creates an up-flow that moves sediment upslope (Pomar et al., 2012; Bádenas et al., 
2012; Al-Awwad and Pomar, 2015) (Fig. 30a). Following this, the larger clasts that make 
up the floatstones/rudstones, which may have moved upslope a short distance, likely 
would quickly settle near the source area (Pomar et al., 2012; Bádenas et al., 2012; Al-
Awwad and Pomar, 2015) (Fig. 30b). The up-flow created by breaking internal waves is 
shortly followed by a return flow that moves finer entrained sediment to deeper water 
(Pomar et al., 2012; Bádenas et al., 2012; Al-Awwad and Pomar, 2015) (Fig. 30c). These 
processes can also explain the hummocky cross-stratification in the Garden City 
Formation (Pomar et al., 2012). 
In the context of the Garden City Formation, it is proposed that internal waves 
broke near the transition between the outer carbonate ramp lime-mudstone and the middle 
carbonate ramp wackestone/packstone sediments, as evidenced by the lime-mudstone and 




Figure 30. Diagrams illustrating the breaking of internal waves in the context of the 
Garden City Formation. (a) Breaking of an internal wave erodes bottom sediments. (b) 
Up-flow created by the breaking internal wave moves sediment upslope, thereby 
depositing floatstones/rudstones first and moving fine-grained sediment farther upslope. 
(c) The compensating return flow moves fine-grained sediment offshore into deeper 
water. (d) Return to normal sedimentation. Lines 1, 2, 3, and 4 represent the location of 
the upper cherty (Figure 14), the wackestone/packstone, floatstone/rudstone(Figure 13), 
the floatstone/rudstone, wackestone/packstone (Figure 12), and the lime-mudstone 
members (Figure 11), respectively. Figure modified from Bádenas et al. (2012). 
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the deposition of floatstone/rudstone sediments, finer-grained sediments that remained in 
suspension likely traveled farther upslope due to the up-flow created by the breaking 
internal wave and thereby deposited calcisiltite sediments farther up on the middle 
carbonate ramp (Fig. 30b and c). The compensating return flow would then move fine-
grained sediment still in suspension offshore, depositing calcisiltite sediments, with a 
sharp contact, on top of the newly deposited floatstone/rudstone bed and the lime 
mudstone in deeper water which is indicative of internal wave deposits (Bádenas et al., 
2012) (Fig. 30c). After the deposition of the floatstone/rudstone and calcisiltite 
sediments, there would be a return to normal sedimentation (Figure 30d). 
Much of the primary deposition in the Garden City Formation has been 
overwritten with deposits resulting from high-intensity wave action. The lack of inner 
ramp deposits, reworked shoreface material, and the finning upward gradation of 
sediment as seen in turbidites call into doubt that the floatstone/rudstone and calcisiltite 
deposits resulted from offshore sedimentation due to the erosion of shoreface sediments 
by storm-induced gradient currents. Instead, the sharp contacts between deposits and the 
lime-mudstone intraclasts in the floatstone/rudstone lithofacies argue for the deposition 
by internal wave processes. 
Deposition of the Garden City Formation 
 Deposition of the Garden City Formation took place in three successive time 
intervals that encompass the entire formation. The basal lime-mudstone member 
represents a 4.2-million-year period of normal sedimentation on the outer, deeper part of 
a carbonate ramp. A rise in sea level saw a change from the upper dolomitic surface of 
the St. Charles Formation to the dominantly limestone deposition of the Garden City 
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Formation. Based on the lithology of this basal member, a conceptual model for this 
period was constructed (Fig 31A). This period also represents a relatively quiet period, at 
the two sections studied in detail, where normal sedimentation in the Garden City 
Formation was interrupted by few events of sediment reworking.  
Within this period, there are two distinct episodes of a fall in sea level. The first 
begins just after the start of the low diversity interval in both the Cottonwood section 
with the deposition of wackestone/packstone (Figs. 24, 32). This wackestone packstone 
deposit is not evident at the Green Canyon location, most likely due to the lower 
resolution of sampling than what was obtained for the Cottonwood Canyon section. The 
wackestone/packstone deposit at the Cottonwood Canyon and the low diversity interval 
at both sections correlate with the positive δ13C stable isotope excursion and the Tule 
Valley lowstand described by Miller et al. (2003, 2012), Edwards and Saltzman (2014), 
and Davis (2017) (Fig. 24). The second episode begins near the top of this member with 
the appearance of thrombolites (Fig. 32). The thrombolites in the Garden City Formation 
have been interpreted to represent a shallow-marine environment due to their association 
with the Calathium (Li et al., 2015). Morgan (1988) interpreted the lithistid sponge 
Calathium to represent a low-energy environment below normal wave base in a deep 
subtidal environment (Fig. 2). More recent studies place Calathium in a higher energy 
normal-marine environment at water depths of 6 to 12 m (Kaya and Friedman, 1997; 
Mestre et al., 2020). Li et al. (2015) and Mestre et al. (2020) have shown that Calathium 
can make up the primary framework for the buildup of microbialite mounds (i.e., 
thrombolites) in Ordovician deposits. Initially, the Calathium acted as baffles that trapped 




Figure 31. Depositional models for the Garden City Formation at three different time 
periods. (A) Lime-mudstone shallowing into wackestone/packstone with thrombolites 
above fair-weather wave base (FWB) between approximately 484.3 – 480.1 ma. (B) 
Outer to middle carbonate - ramp lime-mudstone and wackestone/packstone interlayered 
with floatstone/rudstone and calcisiltite formed by turbulence, between approximately 
480.1 – 472.7 ma. (C) Middle carbonate - ramp rippled wackestone/packstone shallowing 
into quartz siltstone with rippled wackestone/packstone sediments, with calcisiltite 








(Li et al., 2015; Mestre et al., 2020). Through time these sediments would encase the 
Calathium to form a thrombolite (Li et al., 2015). From research performed by Pearce 
(2012) and Li et al. (2015) in China, it appears that the processes controlling the 
formation of thrombolites in China are similar to the formation of the thrombolites in the 
Garden City Formation (Fig. 33). 
 
Figure 33. Photos showing the Calathium framework of a thrombolite. Note the 
similarities between the thrombolite from the (a) Garden City Formation by Pearce 
(2012) and the thrombolite from the (b) Yangtze Platform, China Li et al. (2015). 
Above the lime-mudstone member is the floatstone/rudstone, calcisiltite member, 
overlain by the wackestone/packstone, floatstone/rudstone member. These two members 
represent a period of high turbulence lasting about 7.4 Ma, evidenced by the high 
occurrence of floatstone/rudstone. Due to the frequent turbulent reworking of sediments 
within these two members, specific instances of sea-level rise and fall are not readily 
identified. However, there appears to be an overall gradual fall in sea level based on the 
decrease in floatstone/rudstone and increase in wackestone/packstone upward in these 
two members (Fig. 32). Above the thrombolites in the upper part of the lime-mudstone 
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member, when sea level likely was at its lowest for the Garden City Formation, there was 
a rise in sea level, indicated by a thick package of floatstone/rudstone and 
wackestone/packstone and the absence of thrombolites. Farther up-section in the 
floatstone/rudstone, calcisiltite member, the wackestone/packstone diminishes, and lime-
mudstone becomes more prevalent between the high-intensity wave deposits (Fig. 12), 
which indicates a continued rise in sea level. Following the floatstone/rudstone, 
calcisiltite member the appearance of wackestones/packstones in the 
wackestone/packstone, floatstone/rudstone member represents the beginning of a 
progressive decline in sea level. These two members make up the second time period in 
the Garden City Formation, with deposition in a middle to outer carbonate ramp 
environment punctuated by frequent high-intensity wave events (Fig. 31B). 
 The upper cherty member of the Garden City Formation spans about 3.7 Ma, and 
represents a middle carbonate-ramp environment with fine-grained calcisiltites settling 
out of suspension following high-intensity wave events (Fig. 31C). Shallowing continued 
through this member, evidenced by thick packages of wackestone/packstone (Fig. 32). 
Alternating beds of calcisiltites and wackestone/packstone are common throughout this 
member. The absence of floatstone/rudstone, inferred to be deeper water deposits near the 
pycnocline, supports deposition higher on the carbonate ramp. This member also contains 
abundant chert, likely diagenetic (Morgan, 1988). The top of the section at Cottonwood 
Canyon consists of thick dolostone, which then grades into siltstone with rippled 
wackestones/packstones, which finally grades into the quartz siltite and shales of the 




 Sequence stratigraphy in the Garden City Formation is problematic. Evidence 
enabling the identification of individual sequence boundaries within the formation is 
lacking, probably because at no time during deposition of the Garden City Formation was 
the area studied exposed. No recognizable subaerial features or unconformities were 
found. However, some high-frequency meter scale cyclicity, possibly due to 
Milankovitch cycles, does exist lower in the section. There are only three identifiable 
major falls of sea level through the formation. The first, the Tule Valley lowstand, is near 
the middle of the lower member (Fig. 32). It is only identifiable through the use of δ13C 
stable-isotope stratigraphy to correlate with the Pogonip Group. The Tule Valley 
lowstand has been well documented by Miller et al. (2003, 2012) and Edwards and 
Saltzman (2014) in the Pogonip Group, but this fall in sea level within the Garden City 
Formation is not evident in the sections studied. The second fall in sea level is also lower 
in the section and is only indicated by the presence of thrombolites. The third is near the 
top, where quartz siltstones are present. 
 Elsewhere in the Garden City Formation, specific regressions based on correlation 
with the Pogonip Group are unrecognizable because the original deposits were reworked 
by high-frequency, high-intensity turbulence. Nine stratigraphic sequences have been 
recorded in the Pogonip Group (Miller et al., 2003, 2012; Davis, 2017), but because of 
the effects of turbulence, the stratigraphic position of these sequence boundaries remains 
unclear in the Garden City Formation. Davis (2017) used biostratigraphic data from Ross 
(1949, 1951) to estimate the positions of these sequences through biostratigraphic and 
chemostratigraphic correlations of the Garden City Formation with the Pogonip Group.  
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Most of the research on the Pogonip Group is based on the sequence-stratigraphic 
framework developed by Miller et al. (2003). However, one of two techniques used by 
Miller et al. (2003) did not conform to the traditional way sequence stratigraphy is done. 
The nine stratigraphic sequences of Miller et al. (2003) in the Pogonip Group were 
identified with two techniques. The first was more traditional, by use of changes in 
carbonate lithofacies. The second was through the use of insoluble residue. Miller et al. 
(2003) dissolved hundreds of carbonate samples for biostratigraphic analysis of 
conodonts. A byproduct of the dissolution of carbonate rock was the measurement of 
insoluble residue, which was mostly fine quartz sand, inferred to come from nearshore 
siliciclastic sources. Miller et al. (2003) argued that samples with a higher amount of 
quartz represented more nearshore deposition, and samples with lower amounts of quartz 
represented deposition farther offshore. Intuitively this makes sense  
The XRF data from the Garden City Formation can be used as a proxy for 
insoluble data. These show that elements derived from terrigenous sources are present in 
sediments interpreted to be deposited in a range of water depths in both high and low 
concentrations. These XRF data bring into question the second method used by Miller et 
al. (2003). 
 Despite this caveat, if the overall sequence-stratigraphic framework of Miller et 
al. (2003) for the Pogonip Group is correct, it shows a transgressive sequence followed 
directly by a regressive sequence based on the sea-level curve developed by Edwards and 
Saltzman (2014) (Fig. 34). Furthermore, fluctuations in the overall regressive sea-level 
curve by Edwards and Saltzman (2014) in general resemble several fluctuations in the 




Figure 34. Comparison between the Garden City Formation, Pogonip Group, and global 
sea-level curves. Dashed lines represent the long-term trend in relative sea level. The 
Pogonip Group and global sea-level curves are time calibrated to the Garden City 
Formation. Pogonip Group and global sea-level curves are from Edwards and Saltzman 
(2014) and Haq and Schutter (2008), respectively. The relative scale differs between the 
Garden City Formation, the Pogonip Group, and the global sea-level curves. 
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transgressive sequence which is followed by a subtle regressive sequence (Fig. 34). Thus, 
the composite biostratigraphic framework for the Garden City Formation has yielded a 
more robust correlation with the Pogonip Group. 
 The sea-level curve for the Garden City Formation agrees with the global and 
Pogonip Group sea-level curves in that they all appear to show a transgressive sequence 
followed by a regressive sequence during this time period (Fig. 34). In addition, when 
comparing the sea-level curve for the Pogonip Group with the curve for the Garden City 
Formation, a fall in sea level corresponding to the Tule Valley lowstand and a rise in sea 
level above the Tule Valley lowstand corresponding to sequence F-1 of Miller et al. 
(2012) correlate well (Fig. 34). While all three sea-level curves tend to agree when 
looking at the overall trend of what sea level was doing during this time, there are some 
specific instances of changes in sea level that the global curve does not show. For 
example, the global sea-level curve does not show the individual fall and rise in sea level 
associated with the Tule Valley lowstand and sequence F-4 in the Pogonip Group, 
respectively. In contrast, these instances do appear in the sea-level curve for the Garden 
City Formation. The differences between the individual sea-level curves perhaps result 
from localized tectonics and sedimentation affecting relative sea level between the 
Northern Utah and Ibex basins, as documented by Davis (2017), that the global sea-level 




 The Garden City Formation of northeastern Utah is an enigmatic collection of 
rocks deposited in a middle to outer carbonate ramp environment during a time of overall 
relative sea-level fall following a rise of sea level that initiated deposition over a span of 
16.4 Ma. The majority of deposition occurred in the middle- to outer-carbonate ramp and 
was strongly influenced by high-intensity turbulence. Sequential deposition of 
floatstone/rudstone and calcisiltite resulted from frequent high turbulence, most likely 
due to internal waves propagating along the pycnocline. 
 The composite biostratigraphic framework developed from previous work on the 
paleontology of the Garden City Formation by Ross (1949, 1951), Landing (1981), and 
Adrain et al. (2002, 2009, 2014) have allowed a more robust correlation with the Pogonip 
Group in the Ibex basin to the south. Furthermore, this high-resolution biostratigraphic 
constraint has allowed for better δ13C and δ18O stable-isotope correlation on a global 
scale, which shows that the lower δ13C positive excursion of the Garden City Formation 
is a global-wide signal reflecting Early Ordovician seawater composition at the time of 
carbonate deposition. Unfortunately, x-ray fluorescence data proved to be unsuitable for 
interpreting depositional environments in the Garden City Formation. Still, the XRF data 
assisted with the diagenetic assessment of δ13C and δ18O stable-isotope data and intra-
basinal correlation. However, it is unclear how effective inter-basinal correlation using 
XRF data would be. Given that each basin has a different sediment source, its use may be 
somewhat problematic, possibly due to different elements and their corresponding 
abundances being shed into their respective basins. More research would need to be done 
to confirm or disprove the use of XRF data as an inter-basinal correlation tool. This could 
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be done by running the Pogonip Group samples from Davis (2017), archived by the 
Geosciences Department at Utah State University, using the same XRF techniques 
developed herein and comparing that XRF data with the XRF data of the Garden City 
Formation from this paper. 
 During the deposition of the Garden City Formation, numerous major sea-level 
oscillations have been documented globally and in the nearby Ibex Basin in west-central 
Utah. Yet little evidence for these events was recorded within the Garden City Formation. 
In addition, it may not be possible to identify individual sequence-stratigraphic 
boundaries in the Garden City Formation due to overprinting of primary sedimentation by 
high-intensity turbulence. However, a more detailed lithological study of the formation 
may reveal obscure sets of stratigraphic sequences and their bounding surfaces. A study 
of the formation at a higher resolution than 1.5 m may provide these further insights. 
Furthermore, more research is needed to determine the actual cause of the lower positive 
δ13C excursion. A global cooling event provides a plausible explanation for the lower 
positive δ13C excursion, but direct stratigraphic evidence so far is lacking. This study has 
provided many details about the lithotypes present in the Garden City Formation and 
their relations in space and time, possible depositional environments and water depths for 
each, possible ocean forces that resulted in the deposition of each lithotype, and likely 
correlations to radiometric ages. It also developed and tested techniques to understand 




Adrain, J.M., Lee, D.-C., Westrop, S.R., Chatterton, B.D.E., and Landing, E., 2003, 
Classification of the trilobite subfamilies Hystricurinae and Hintzecurinae 
subfam. nov., with new genera from the Lower Ordovician (Ibexian) of Idaho and 
Utah: Memoirs-Queensland Museum, v. 48, p. 553 – 586. 
Adrain, J.M., McAdams, N.E.B., and Westrop, S.R., 2009, Trilobite biostratigraphy and 
revised bases of the Tulean and Blackhillsian Stages of the Ibexian Series, Lower 
Ordovician, western United States: Australasian Palaeontological Memoirs, no. 
37, p. 541 – 610. 
Adrain, J.M., Westrop, S.R., Karim, T.S., and Landing, E., 2014, Trilobite 
biostratigraphy of the Stairsian Stage (upper Tremadocian) of the Ibexian Series, 
Lower Ordovician, western United States: Australasian Palaeontological 
Memoirs, no. 45, p. 167 – 214. 
Aigner, T., 1985, Modern Storm Depositional Systems: Actualistic models, in storm 
depositional systems: Dynamic stratigraphy in modern and ancient shallow-
marine sequences, Berlin, Heidelberg, Springer, Lecture Notes in Earth Sciences, 
p. 1 – 50, doi:10.1007/BFb0011412. 
Al-Aasm, I.S., and Veizer, J., 1986, Diagenetic stabilization of aragonite and low-Mg 
calcite; I, trace elements in rudists: Journal of Sedimentary Research, v. 56, p. 
138–152, doi:10.1306/212F88A5-2B24-11D7-8648000102C1865D. 
Al-Awwad, S.F., and Pomar, L., 2015, Origin of the rudstone–floatstone beds in the 
Upper Jurassic Arab-D reservoir, Khurais Complex, Saudi Arabia: Marine and 
Petroleum Geology, v. 67, p. 743 – 768, doi:10.1016/j.marpetgeo.2015.05.014. 
Allan, J.R., and Matthews, R.K., 1977, Carbon and oxygen isotopes as diagenetic and 
stratigraphic tools: Surface and subsurface data, Barbados, West Indies: Geology, 
v. 5, p. 16–20, doi:10.1130/0091-7613(1977)5<16:CAOIAD>2.0.CO;2. 
Allan, J.R., and Matthews, R.K., 1982, Isotope signatures associated with early meteoric 
diagenesis: Sedimentology, v. 29, p. 797–817, doi:10.1111/j.1365-
3091.1982.tb00085.x. 
Bádenas, B., Pomar, L., Aurell, M., and Morsilli, M., 2012, A facies model for 
internalites (internal wave deposits) on a gently sloping carbonate ramp (Upper 




Banner, J.L., and Hanson, G.N., 1990, Calculation of simultaneous isotopic and trace 
element variations during water-rock interaction with applications to carbonate 
diagenesis: Geochimica et Cosmochimica Acta, v. 54, p. 3123 – 3137, 
doi:10.1016/0016-7037(90)90128-8. 
Bascom, W., 1964, Waves and beaches: the dynamics of the ocean surface: Garden City, 
N.Y, Anchor Books, Science study series S34, 267 p. 
Biek, R.F., Oaks, R.Q., Janecke, S.U., Solomon, B.J., and Barry, L.M.S., 2003a, 
Geological maps of the Clarkston and Portage quadrangles, Box Elder and Cache 
Counties, Utah and Franklin and Oneida Countiies Idaho: Utah Geological Survey 
Map 194, Plates 1 and 2, scale 1:24,000: 
https://ugspub.nr.utah.gov/publications/geologicmaps/7-5quadrangles/M-194.pdf 
(accessed December 2020). 
Bond, G.C., and Kominz, M.A., 1984, Construction of tectonic subsidence curves for the 
early Paleozoic miogeocline, southern Canadian Rocky Mountains: Implications 
for subsidence mechanisms, age of breakup, and crustal thinning: Geological 
Society of America Bulletin, v. 95, p. 155 – 173, doi:10.1130/0016-
7606(1984)95<155:COTSCF>2.0.CO;2. 
Bond, G.C., Christie-Blick, N.H., Kominz, M.A., and Devlin, W.J., 1985, An Early 
Cambrian rift to post-rift transition in the Cordillera of western North America: 
Nature (London), v. 315, p. 742 – 746. 
Bond, G.C., Kominz, M.A., Steckler, M.S., and Grotzinger, J.P., 1989, Role of thermal 
subsidence, flexure, and eustasy in the evolution of early Paleozoic passive-
margin carbonate platforms: Special Publication - Society of Economic 
Paleontologists and Mineralogists, v. 44, p. 39–61. 
Brand, U., and Veizer, J., 1980, Chemical diagenesis of a multicomponent carbonate 
system; 1, trace elements: Journal of Sedimentary Petrology, v. 50, p. 1219 – 
1236, doi:http://dx.doi.org.dist.lib.usu.edu/10.1306/212F7BB7-2B24-11D7-
8648000102C1865D. 
Buggisch, W., Keller, M., and Lehnert, O., 2003, Carbon isotope record of Late 
Cambrian to Early Ordovician carbonates of the Argentine Precordillera: 
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 195, p. 357 – 373, 
doi:10.1016/S0031-0182(03)00365-1. 
Cartapanis, O., Galbraith, E.D., Bianchi, D., and Jaccard, S.L., 2018, Carbon burial in 
deep-sea sediment and implications for oceanic inventories of carbon and 




Cooper, R.A., Sadler, P.M., Gradstein, F.M., Ogg, J.G., Schmitz, M.D., and Ogg, G.M., 
2012, The Ordovician Period: Elsevier, New York, New York, p. 489 – 523, 
doi:http://dx.doi.org.dist.lib.usu.edu/10.1016/B978-0-444-59425-9.00020-2. 
Coxall, H.K., Wilson, P.A., Pälike, H., Lear, C.H., and Backman, J., 2005, Rapid 
stepwise onset of Antarctic glaciation and deeper calcite compensation in the 
Pacific Ocean: Nature, v. 433, p. 53 – 57, doi:10.1038/nature03135. 
Davis, C.R., 2017, Sequence stratigraphy, chemostratigraphy, and biostratigraphy of 
Lower Ordovician units in northeastern and western central Utah: Regional 
implications [Master’s Thesis]: Utah State University, 261 p., 
http://digitalcommons.usu.edu/etd/5879/. 
Dover, J.H., 2006, Geological map of the Logan 30’ x 60’ quadrangle, Cache and Rich 
Counties, Utah , and Lincoln and Uinta Counties, Wyoming: Utah Geological 
Survey Investigations Series , Map I-2210, scale 1:100,000: 
https://ugspub.nr.utah.gov/publications/GIS_maps/Logan3060.zip (accessed 
December 2020). 
Drake, B., 2018, CloudCal: GitHub: https://github.com/leedrake5/CloudCal (accessed 
February 2020). 
Dunham, R.J., 1962, Classification of carbonate rocks according to depositional texture: 
Memoir - American Association of Petroleum Geologists, p. 108–121. 
Edwards, C.T., and Saltzman, M.R., 2014, Carbon isotope (δ13Ccarb) stratigraphy of the 
Lower–Middle Ordovician (Tremadocian–Darriwilian) in the Great Basin, 
western United States: Implications for global correlation: Paleogeography, 
Paleoclimatology, Paleoecology, v. 399, p. 1 – 20, 
doi:10.1016/j.palaeo.2014.02.005. 
ESRI, 2019, ArcMap: Redlands, California, https://desktop.arcgis.com/en/arcmap/. 
Ethington, R.L., and Clark, D.L., 1981, Lower and Middle Ordovician conodonts from 
the Ibex area, western Millard County, Utah: Geology Studies, v. 28, Part 2, p. 
160. 
Fanton, K.C., and Holmden, C., 2007, Sea-level forcing of carbon isotope excursions in 
epeiric seas: implications for chemostratigraphy: Canadian Journal of Earth 
Sciences, v. 44, p. 807 – 818, doi:10.1139/e06-122. 
Francis, G., 1972, Stratigraphy and Environmental Analysis of the Swan Peak Formation 




Gahn, F.J., Sprinkle, J., and Guensburg, T.E., 2006, Garden City of echinoderms: a new 
largerstatte from Idaho and Utah: Geological Society of America Abstracts with 
Programs, v. 38, no. 7, p. 383. 
Guensburg, T.E., and Sprinkle, J., 2001, Earliest crinoids: New evidence for the origin of 
the dominant Paleozoic echinoderms: Geology, v. 29, p. 131 – 134, 
doi:10.1130/0091-7613(2001)029<0131:ECNEFT>2.0.CO;2. 
Guensburg, T.E., and Sprinkle, J., 2009, Solving the mystery of crinoid ancestry: New 
Fossil Evidence of Arm Origin and Development: Journal of Paleontology, v. 83, 
p. 350–364, doi:10.1666/08-090.1. 
Hambrey, M.J., 1985, The late Ordovician – Early Silurian glacial period: 
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 51, p. 273 – 289, 
doi10.1016/0031-0182(85)90089-6. 
Haq, B.U., and Schutter, S.R., 2008, A chronology of Paleozoic sea-level changes: 
Science, v. 322, p. 64–68, doi:10.1126/science.1161648. 
Harris, M.T., and Sheehan, P.M., 1996, Upper Ordovician-Lower Silurian depositional 
sequences determined from middle shelf sections, Barn Hills and Lakeside 
Mountains, eastern Great Basin in Witzke B.J., Ludvigson G.A., and Day J., eds., 
Paleozoic sequence stratigraphy; views from the North American Craton: Special 
Paper - Geological Society of America, v. 306, p. 161 – 176. 
Hintze, L.F., 1951, Lower Ordovician detailed stratigraphic sections for western Utah, of 
particular interest to geologists concerned with petroleum possibilities of the 
Great Basin: Salt Lake City, Utah, Utah Geological and Mineral Survey, Bulletin 
39, p. 99. 
Hintze, L.F., 1952, Lower Ordovician trilobites from western Utah and eastern Nevada: 
Bulletin - Utah Geological and Mineralogical Survey, v. 28, p. 249. 
Hintze, L.F., 1959, Ordovician regional relationships in north-central Utah and adjacent 
areas, in Williams N.C., Guidebook to the Geology of the Wasatch and Uinta 
Mountains Transition Area: Intermountain Association of Petroleum Geologists, 
10th Annual Field Conference, Guidebook, p. 46 – 53. 
Hintze, L.F., 1973a, Geologic history of Utah: Provo, Utah, Department of Geology, 
Brigham Young University, 181 p. 
Hintze, L.F., 1973b, Lower and Middle Ordovician Stratigraphic Sections in the Ibex 
Area, Millard County, Utah: Brigham Young University Research Studies, 
Geology Series, v. 20, Part 4, p. 3 – 36. 
87 
 
Hintze, L.F., and Davis, F.D., 2002a, Geologic Map of the Tule Valley 30’ x 60’ 
quadrangle and parts of the Ely, Fish Springs, and Kern Mpuntains 30’ x 60’ 
quadrangles, Northwest Millard County Utah: Utah Geological Survey Map 186, 
scale 1:100,000. 
Hintze, L.F., and Davis, F.D., 2002b, Geologic map of the Wah Wah Mountains North 
30’ x 60’ quadrangle and parts of the Garrison 30’ x 60’ quadrangle, southwest 
Millard County and part of Beaver County, Utah: Utah Geological Survey Map 
182, scale 1:100,000. 
Hintze, L.F., and Davis, F.D., 2003, Geology of Millard County, Utah: Salt Lake City, 
Utah, Utah Geological Survey Bulletin 133, 305 p. 
Holmden, C., Creaser, R.A., Muehlenbachs, K., Leslie, S.A., and Bergström, S.M., 1998, 
Isotopic evidence for geochemical decoupling between ancient epeiric seas and 
bordering oceans: Implications for secular curves: Geology, v. 26, p. 567 – 570, 
doi:10.1130/0091-7613(1998)026<0567:IEFGDB>2.3.CO;2. 
Hintze, L.F., and Kowallis, B.J., 2009, Geologic history of Utah: Provo, Utah, Dept. of 
Geological Sciences, Brigham YoungUniversity, Brigham Young University 
Geology Studies Special publication 9, 225 p. 
Hudson, J.D., 1977, Stable isotopes and limestone lithification: Journal of the Geological 
Society, v. 133, p. 637 – 660, doi:10.1144/gsjgs.133.6.0637. 
Immenhauser, A., Kenter, J.A.M., Ganssen, G., Bahamonde, J.R., Vliet, A.V., and Saher, 
M.H., 2002, Origin and Significance of Isotope Shifts in Pennsylvanian 
Carbonates (Asturias, NW Spain): Journal of Sedimentary Research, v. 72, p. 82 – 
94, doi:10.1306/051701720082. 
Isozaki, Y., Kawahata, H., and Ota, A., 2007, A unique carbon isotope record across the 
Guadalupian–Lopingian (Middle-Upper Permian) boundary in mid-oceanic paleo-
atoll carbonates: The high-productivity “Kamura event” and its collapse in 
Panthalassa: Global and Planetary Change, v. 55, p. 21 – 38, 
doi:10.1016/j.gloplacha.2006.06.006. 
Jensen, M.E., and King, J.K., 1999, Geologic map of the Brigham City 7.5-minute  
quadrangle, Box Elder and Cache Counties, Utah: Utah Geological Survey Map 
173, scale 1:24,000: https://ugspub.nr.utah.gov/publications/geologicmaps/7-
5quadrangles/M-173.pdf ( accessed December 2020) 
Jones, B., 2010, in Warm-Water Neritc Carbonates, St. Johns, Newfoundland, Geological 
Association of Canada. 
88 
 
Kaya, A., and Friedman, G.M., 1997, Sedimentation and facies analysis of the 
Girvanella-constituted oncolitic shoals and associated lithofacies in the middle 
Ordovician Antelope Valley Limestone, Central Nevada, USA: Carbonates and 
Evaporites, v. 12, p. 134 – 156, doi:10.1007/BF03175813. 
Kehoe, K.W., Davis, C.R., Liddell, W.D., and Newell, D.L., 2014, Bio-, chemo- and 
sequence stratigraphy of Lower Ordovician units from differing depositional 
settings along the western margin of northern Laurentia: Geological Society of 
America Abstracts with Programs, v. 46, p. 152. 
Kehoe, K.W., Davis, C.R., Newell, D.L., and Liddell, W.D., 2015, High-resolution 
carbon and oxygen stable isotope sampling of the Lower Ordovician Pogonip 
Group; implications for chemo-stratigraphic correlation: Geological Society of 
America Abstracts with Programs, v. 47, p. 801. 
Kim, S.-T., Coplen, T.B., and Horita, J., 2015, Normalization of stable isotope data for 
carbonate minerals: Implementation of IUPAC guidelines: Geochimica et 
Cosmochimica Acta, v. 158, p. 276 – 289, doi:10.1016/j.gca.2015.02.011. 
Knoll, A.H., Kaufman, A.J., and Semikhatov, M.A., 1995, The carbon-isotopic 
composition of Proterozoic carbonates; Riphean successions from northwestern 
Siberia (Anabar Massif, Turukhansk Uplift): American Journal of Science, v. 295, 
p. 823 – 850, doi:10.2475/ajs.295.7.823. 
Kroopnick, P., 1974, The dissolved O2-CO2-13C system in the eastern equatorial 
Pacific: Deep Sea Research and Oceanographic Abstracts, v. 21, p. 211 – 227, 
doi:10.1016/0011-7471(74)90059-X. 
Kump, L.R., Arthur, M.A., Patzkowsky, M.E., Gibbs, M.T., Pinkus, D.S., and Sheehan, 
P.M., 1999, A weathering hypothesis for glaciation at high atmospheric pCO2 
during the Late Ordovician: Palaeogeography, Palaeoclimatology, Palaeoecology, 
v. 152, p. 173 – 187, doi:10.1016/S0031-0182(99)00046-2. 
Lalli, C.M., and Parsons, T.R., 1997, Biological oceanography: an introduction (Second 
Edition): Vancouver, University of British Columbia, 314 p. 
Landing, E., 1981, Conondont biostratigraphy and thermal color alteration indices of the 
upper St. Charles and lower Garden City formations, Bear River Range, northern 
Utah and southeastern Idaho: U.S. Geological Survey Open-File Report 81 – 740, 
http://pubs.er.usgs.gov/publication/ofr81740 (accessed February 2016). 
Li, Q., Li, Y., Wang, J., and Kiessling, W., 2015, Early Ordovician lithistid sponge-
Calathium reefs on the Yangtze Platform and their paleoceanographic 
89 
 
implications: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 425, p. 84 – 
96, doi:10.1016/j.palaeo.2015.02.034. 
Lira, M.A., 2015, Detrital zircon geochronology and sequence stratigraphy of the Eureka 
Quartzite Formation Adjacent to the Tooele Arch, Western Utah and Eastern 
Nevada [Master’s Thesis]: Texas A&M University, 148 p., 
http://oaktrust.library.tamu.edu/handle/1969.1/155673 (accessed June 2016). 
Lukasik, J.J., James, N.P., McGowran, B., and Bone, Y., 2000, An epeiric ramp: low-
energy, cool-water carbonate facies in a Tertiary inland sea, Murray Basin, South 
Australia: Sedimentology, v. 47, p. 851–881, doi:10.1046/j.1365-
3091.2000.00328.x. 
Lumsden, D.N., 1971, Markov Chain Analysis of Carbonate Rocks: Applications, 
Limitations, and Implications as Exemplified by the Pennsylvanian System in 
Southern Nevada: GSA Bulletin, v. 82, p. 447 – 462, doi:10.1130/0016-
7606(1971)82[447:MCAOCR]2.0.CO;2. 
Mackensen, A., and Schmiedl, G., 2019, Stable carbon isotopes in paleoceanography: 
atmosphere, oceans, and sediments: Earth-Science Reviews, v. 197,p. 1 – 20, 
doi:10.1016/j.earscirev.2019.102893. 
McCrea, J.M., 1950, On the isotopic chemistry of carbonates and a paleotemperature 
scale: The Journal of Chemical Physics, v. 18, p. 849 – 857, 
doi:10.1063/1.1747785. 
Melchin, M.J., and Holmden, C., 2006a, Carbon isotope chemostratigraphy in Arctic 
Canada: Sea-level forcing of carbonate platform weathering and implications for 
Hirnantian global correlation: Palaeogeography, Palaeoclimatology, 
Palaeoecology, v. 234, p. 186 – 200, doi:10.1016/j.palaeo.2005.10.009. 
Melchin, M.J., and Holmden, C., 2006b, Carbon isotope chemostratigraphy of the 
Llandovery in Arctic Canada: Implications for global correlation and sea-level 
change: GFF, v. 128, p. 173 – 180, doi:10.1080/11035890601282173. 
Mestre, A., Heredia, S., Moreno, F., Benegas, L., Morfil, A., and Soria, T., 2020, New 
insights on Lower Ordovician (Floian) reefs from the Argentine Precordillera: 
Biostratigraphic, sedimentologic and paleogeographic implications: Journal of 





Miller, J.F., Evans, K.R., Loch, J.D., Ethington, R.L., Stitt, J.H., Holmer, L., and Popov, 
L.E., 2003, Stratigraphy of the Sauk III Interval (Cambrian-Ordovician) in the 
Ibex area, western Millard County, Utah , and central Texas: Geology Studies, v. 
47, p. 23 – 118. 
Miller, J.F., Evans, K.R., and Dattilo, B.F., 2012, The great American carbonate bank in 
the miogeocline of western central Utah; tectonic influences on sedimentation: 
AAPG Memoir, v. 98, p. 769 – 854, 
doi:http://dx.doi.org.dist.lib.usu.edu/10.1306/13331516M983498. 
Morgan, S.K., 1988, Petrology of passive-margin epeiric sea sediments: The Garden City 
Formation, north-central Utah [Master’s Thesis]: Utah State University, 168 p. 
Oaks, R.Q., James, W.C., Francis, G.G., and Schulingkamp, W.J., 1977, Summary of 
Middle Ordovician stratigraphy and tectonics, northern Utah, southern and central 
Idaho, in Heisey, E.L., Lawson D.E., Norwood, E.R., Wach, P.H., and Hale, H.L., 
eds., Rocky Mountain Thrust Belt Geology and Resource: Wyoming Geological 
Association, 29th Annual Field Conference Guidebook, p. 101–116. 
Pearce, H., 2012, A study of the bioherms of the Early Ordovician Garden City 
Formation and a literature review of Early Ordovician organic buildups [Master’s 
Thesis]: Utah State University, 67 p., 
http://digitalcommons.usu.edu/gradreports/193. 
Pérez‐López, A., and Pérez‐Valera, F., 2012, Tempestite facies models for the 
epicontinental Triassic carbonates of the Betic Cordillera (southern Spain): 
Sedimentology, v. 59, p. 646 – 678, doi:https://doi.org/10.1111/j.1365-
3091.2011.01270.x. 
Pomar, L., Morsilli, M., Hallock, P., and Bádenas, B., 2012, Internal waves, an under-
explored source of turbulence events in the sedimentary record: Earth-Science 
Reviews, v. 111, p. 56 – 81, doi:10.1016/j.earscirev.2011.12.005. 
Poole, F.G., Stewart, J.H., Palmer, A.R., Sandberg, C.A., Madrid, R.J., Ross, R.J., 
Hintze, L.F., Miller, M.M., and Wrucke, C.T., 1992, Latest Precambrian to latest 
Devonian time; development of a continental margin, in Burchfiel, B.C., Lipman, 
P.W., and Zoback, M.L. eds., The Cordilleran Orogen: Conterminous U.S., 
Boulder, CO, Geological Society of America, v. G-3, p 9 – 56. 
Pope, M.C., and Steffen, J.B., 2003, Widespread, prolonged late Middle to Late 
Ordovician upwelling in North America: A proxy record of glaciation? Geology, 
v. 31, p. 63–66, doi:10.1130/0091-7613(2003)031<0063:WPLMTL>2.0.CO;2. 
91 
 
Powers, D.W., and Easterling, R.G., 1982, Improved methodology for using embedded 
Markov chains to describe cyclical sediments: Journal of Sedimentary Research, 
v. 52, p. 913 – 923, doi:10.1306/212F808F-2B24-11D7-8648000102C1865D. 
Railsback, L.B., Holland, S.M., Hunter, D.M., Jordan, E.M., Diaz, J.R., and Crowe, D.E., 
2003, Controls on geochemical expression of subaerial exposure in Ordovician 
limestones from the Nashville Dome, Tennessee, U.S.A.: Journal of Sedimentary 
Research, v. 73, p. 790 – 805. 
Rao, C.P., 1990, Petrography, trace elements and oxygen and carbon isotopes of Gordon 
Group carbonates (Ordovician), Florentine Valley, Tasmania, Australia: 
Sedimentary Geology, v. 66, p. 83 – 97, doi:10.1016/0037-0738(90)90008-H. 
Richardson, G.B., 1913, The Paleozoic section in northern Utah: American Journal of 
Science, v. s4-36, p. 406–416, doi:10.2475/ajs.s4-36.214.406. 
Ross, R.J., 1949, Stratigraphy and trilobite faunal zones of the Garden City Formation, 
northeastern Utah: American Journal of Science, v. 247, p. 472 – 491, 
doi:10.2475/ajs.247.7.472. 
Ross, R.J., 1951, Stratigraphy of the Garden City Formation in northeastern Utah, and its 
trilobite faunas: Connecticut, Peabody Museum of Natural History, Yale 
University, Bulletin 6, 161 p. 
Ross, R.J., 1968, Brachiopods from the upper part of the Garden City Formation 
(Ordovician), north-central Utah: U. S. Geological Survey Professional Paper 
593, p. H1 – H13. 
Ross, R.J., Hintze, L.F., Ethington, R.L., Miller, J.F., Taylor, M.E., and Repetski, J.E., 
1997, The Ibexian, lowermost series in the North American Ordovician, in 
Taylor, M.E. ed., Early Paleozoic Biochronology of the Great Basin, Western 
United States, US Geological Survey Professional Paper 1579, p. 1 – 50, 
http://cat.inist.fr/?aModele=afficheN&cpsidt=10635450 (accessed February 
2016). 
Saltzman, M.R., and Young, S.A., 2005, Long-lived glaciation in the Late Ordovician? 
Isotopic and sequence-stratigraphic evidence from western Laurentia: Geology, v. 
33, p. 109–112, doi:10.1130/G21219.1. 
Sears, J.W., and Price, R.A., 2003, Tightening the Siberian connection to western 
Laurentia: Geological Society of America Bulletin, v. 115, p. 943 – 953. 
Sharp, Z., 2007, Principles of Stable Isotope Geochemistry: New Jersey, Pearson 
Education, 344 p. 
92 
 
Sprinkle, J., and Gahn, F.J., 2007, New eocrinoids from the Lower Ordovician Garden 
City Formation, northeastern Utah and southeastern Idaho: Geological Society of 
America Abstract with Programs, v. 39, p. 74. 
Stanley, S.M., 2010, Relation of Phanerozoic stable isotope excursions to climate, 
bacterial metabolism, and major extinctions: Proceedings of the National 
Academy of Sciences, v. 107, p. 19185 – 19189, doi:10.1073/pnas.1012833107. 
Stanova, S., Sotak, J., and Hudec, N., 2009, Markov chain analysis of turbiditic facies 
and flow dynamics (Magura Zone, outer Western Carpathians, NW Slovakia): 
Geologica Carpathica (Bratislava), v. 60, p. 295 – 305, 
doi:http://dx.doi.org.dist.lib.usu.edu/10.2478/v10096-009-0021.4. 
Stewart, J.H., and Suczek, C.A., 1977, Cambrian and latest Precambrian paleogeography 
and tectonics in the western United States, in Stewart, J.H., Stevens, C.H., and 
Fritsche, A.E., eds., Paleozoic paleogeography of the western United States: 
Society of Economic Paleontologists and Mineralogists, Pacific Section, Pacific 
Coast Paleogeography Symposium 1, p. 1-17. 
Swan, A.R.H., and Sandilands, M., 1995, Introduction to geological data analysis: 
Oxford ; Cambridge, Mass., USA, Blackwell Science, 446 p. 
Sweet, W.C., and Tolbert, C.M., 1997, An Ibexian (Lower Ordovician) reference section 
in the southern Egan Range, Nevada, for a conodont-based chronostratigraphy, in 
Taylor, M.E. ed., Early Paleozoic Biochronology of the Great Basin, Western 
United States, US Geological Survey Professional Paper 1579, p. 51 – 84. 
Taylor, M.E., and Landing, E., 1981, Upper St. Charles and Lower Garden City 
Formation, Blacksmith Fork Canyon, southern Bear River Range, Utah, in Taylor, 
M.E., and Palmer, A.R., eds., Cambrian Stratigraphy and Paleontology of the 
Great Basin and Vicinity, Western United States: Guidebook for Field Trip 1, 2nd 
International Symposium on the Cambrian Systems, p. 141 – 149. 
Taylor, M.E., Gillett, S., Landing, E., and Repetski, J.E., 1981a, Newly discovered 
disconformity; lower Paleozoic, Bear River Range, Utah-Idaho, in Geological 
Survey Research 1981, Washington, D.C., U.S. Government Printing Office, U. 
S. Geological Survey Professional Paper 1275, p. 192. 
Taylor, M.E., Landing, E., and Gillett, S.L., 1981b, The Cambrian-Ordovician transition 
in the Bear River Range, Utah-Idaho; a preliminary evaluation: U.S. Geological 




Theiling, B.P., Railsback, L.B., Holland, S.M., and Crowe, D.E., 2007, Heterogeneity in 
geochemical expression of subaerial exposure in limestones, and its implications 
for sampling to detect exposure surfaces: Journal of Sedimentary Research, v. 77, 
p. 159 – 169, doi:http://dx.doi.org.dist.lib.usu.edu/10.2110/jsr.2007.014. 
Wakeley, L., 1975, Petrology of the Upper Nounan - Worm Creek Sequence, Upper 
Cambrian Nounan and St. Charles Formations, Southeast Idaho: All Graduate 
Theses and Dissertations, https://digitalcommons.usu.edu/etd/4676. 
Wenzel, B., and Joachimski, M.M., 1996, Carbon and oxygen isotopic composition of 
Silurian brachiopods (Gotland/Sweden): palaeoceanographic implications: 
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 122, p. 143 – 166, 
doi:10.1016/0031-0182(95)00094-1. 
Williams, J.S., 1948, GEOLOGY OF THE PALEOZOIC ROCKS, LOGAN 
QUADRANGLE, UTAH: GSA Bulletin, v. 59, p. 1121–1164, doi:10.1130/0016-
7606(1948)59[1121:GOTPRL]2.0.CO;2. 
Wu, R., Liu, J., Calner, M., Gong, F., Lehnert, O., Luan, X., Li, L., and Zhan, R., 2020, 
High-resolution carbon isotope stratigraphy of the Lower and Middle Ordovician 
succession of the Yangtze Platform, China: Implications for global correlation: 
Journal of the Geological Society, v. 177, p. 537–549, doi:10.1144/jgs2018-208. 
Xiao, C.T., Wei, G.Q., Song, Z.Y., Xiao, Y.P., Yang, W., Dong, M., Huang, Y.F., and 
Gao, D., 2019, Petrography and origin of the Lower Ordovician microbial 
carbonates in the Songzi Area of Hubei Province, middle Yangtze region, China: 
Petroleum Science, v. 16, p. 956–971, doi:10.1007/s12182-019-0346-2. 
Yonkee, W.A., Dehler, C.D., Link, P.K., Balgord, E.A., Keeley, J.A., Hayes, D.S., Wells, 
M.L., Fanning, C.M., and Johnston, S.M., 2014, Tectono-stratigraphic framework 
of Neoproterozoic to Cambrian strata, west-central U.S.: Protracted rifting, 
glaciation, and evolution of the North American Cordilleran margin: Earth-






Appendix A1. Garden City Formation, Cottonwood Canyon Section Sample Lithologies, 
Stratigraphic Positions, and GPS Locations.
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Sample Stratigraphic Position (m) Lithology Northing Easting 
HV-U19-434.4 434.4 Siltstone 4610216 412382.4 
HV-U19-433.5 433.5 Siltstone N/A N/A 
HV-U19-432.0 432 Siltstone 4610214 412379.6 
HV-U19-429.0 429 Dolostone 4610211 412377.1 
HV-U19-427.5 427.5 Dolostone N/A N/A 
HV-U19-426.0 426 Dolostone 4610208 412374.5 
HV-U19-424.5 424.5 Dolostone N/A N/A 
HV-U19-423.0 423 Dolostone 4610207 412372.6 
HV-U19-421.5 421.5 Dolostone N/A N/A 
HV-U19-420.0 420 Dolostone 4610204 412369.6 
HV-U19-418.5 418.5 Dolostone N/A N/A 
HV-U19-417.0 417 Dolostone 4610201 412368.1 
HV-U19-415.5 415.5 Dolostone N/A N/A 
HV-U19-414.0 414 Dolostone 4610197 412366.7 
Covered 412.5 N/A N/A N/A 
HV-U19-411.0 411 Dolostone 4610194 412364.8 
HV-U19-409.5 409.5 Dolostone N/A N/A 
HV-U19-408.0 408 Dolostone 4610191 412365.6 
HV-U19-406.5 406.5 Dolostone N/A N/A 
HV-U19-405.0 405 Dolostone 4610189 412364 
HV-U19-403.5 403.5 Dolostone N/A N/A 
HV-U19-402.0 402 Dolostone 4610185 412362.2 
HV-U19-400.5 400.5 Dolostone N/A N/A 
HV-U19-399.0 399 Dolostone 4610184 412361.4 
HV-U18-397.5 397.5 Wackestone/Packstone N/A N/A 
HV-U18-396.0 396 Wackestone/Packstone 4610186 412350.5 
HV-U18-394.5 394.5 Wackestone/Packstone N/A N/A 
Covered 393 N/A N/A N/A 
HV-U18-391.5 391.5 Wackestone/Packstone N/A N/A 
HV-U18-390.0 390 Wackestone/Packstone 4610181 412344.9 
HV-U18-388.5 388.5 Wackestone/Packstone N/A N/A 
HV-U18-387.0 387 Calcisiltite 4610181 412340.6 
HV-U18-385.5 385.5 Wackestone/Packstone N/A N/A 
HV-U18-384.0 384 Wackestone/Packstone 4610181 412337.5 
HV-U18-382.5 382.5 Calcisiltite N/A N/A 
HV-U18-381.0 381 Wackestone/Packstone 4610180 412334.2 
HV-U18-379.5 379.5 Wackestone/Packstone N/A N/A 
HV-U18-378.0 378 Wackestone/Packstone 4610176 412331.7 
HV-U18-376.5 376.5 Calcisiltite N/A N/A 
HV-U18-375.0 375 Calcisiltite 4610175 412330.7 
HV-U18-373.5 373.5 Wackestone/Packstone N/A N/A 
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Sample Stratigraphic Position (m) Lithology Northing Easting 
HV-U18-372.0 372 Wackestone/Packstone 4610172 412327.9 
HV-U18-370.5 370.5 Wackestone/Packstone N/A N/A 
HV-U18-369.0 369 Wackestone/Packstone 4610166 412346.2 
HV-U18-367.5 367.5 Wackestone/Packstone N/A N/A 
HV-U19-366.0 366 Wackestone/Packstone 4610164 412346.1 
HV-U18-364.5 364.5 Wackestone/Packstone N/A N/A 
HV-U18-363.0 363 Wackestone/Packstone 4610165 412344.9 
HV-U18-361.5 361.5 Wackestone/Packstone N/A N/A 
HV-U18-360.0 360 Wackestone/Packstone 4610161 412344.7 
HV-U18-358.5 358.5 Calcisiltite N/A N/A 
HV-U18-357.0 357 Calcisiltite 4610157 412355.4 
HV-U18-355.5 355.5 Wackestone/Packstone N/A N/A 
HV-U18-354.0 354 Calcisiltite 4610153 412353.6 
HV-U18-352.5 352.5 Calcisiltite N/A N/A 
HV-U18-351.0 351 Calcisiltite 4610151 412355 
HV-U18-349.5 349.5 Wackestone/Packstone N/A N/A 
HV-U18-348.0 348 Calcisiltite 4610152 412352.6 
HV-U18-346.5 346.5 Calcisiltite N/A N/A 
HV-U18-345.0 345 Calcisiltite 4610147 412350.2 
HV-U18-343.5 343.5 Calcisiltite N/A N/A 
HV-U18-342.0 342 Calcisiltite 4610145 412349.6 
HV-U18-340.5 340.5 Wackestone/Packstone N/A N/A 
HV-U17-339.0 339 Calcisiltite 4610144 412346.5 
HV-U17-337.5 337.5 Calcisiltite N/A N/A 
HV-U17-336.0 336 Wackestone/Packstone 4610143 412340.4 
HV-U17-334.5 334.5 Calcisiltite N/A N/A 
HV-U17-333.0 333 Wackestone/Packstone 4610151 412311.6 
HV-U17-331.5 331.5 Wackestone/Packstone N/A N/A 
HV-U17-330.0 330 Wackestone/Packstone 4610150 412310.3 
HV-U17-328.5 328.5 Wackestone/Packstone N/A N/A 
HV-U17-327.0 327 Calcisiltite 4610149 412308.6 
HV-U17-325.5 325.5 Wackestone/Packstone N/A N/A 
HV-U17-324.0 324 Wackestone/Packstone 4610149 412301.2 
HV-U17-322.5 322.5 Wackestone/Packstone N/A N/A 
Covered 319.5 N/A N/A N/A 
HV-U17-318.0 318 Wackestone/Packstone 4610146 412292.7 
HV-U17-316.5 316.5 Wackestone/Packstone N/A N/A 
Covered 315 N/A N/A N/A 
HV-U17-313.5 313.5 Wackestone/Packstone N/A N/A 
HV-U17-312.0 312 Wackestone/Packstone 4610141 412287.7 
HV-U17-310.5 310.5 Wackestone/Packstone N/A N/A 
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Sample Stratigraphic Position (m) Lithology Northing Easting 
HV-U17-309.0 309 Calcisiltite 4610136 412285.8 
HV-U17-307.5 307.5 Wackestone/Packstone N/A N/A 
HV-U17-306.0 306 Wackestone/Packstone 4610135 412283.5 
HV-U17-304.5 304.5 Floatstone/Rudstone N/A N/A 
HV-U17-303.0 303 Floatstone/Rudstone 4610132 412280 
HV-U17-301.5 301.5 Wackestone/Packstone N/A N/A 
HV-U17-300.0 300 Calcisiltite 4610128 412277.6 
HV-U17-298.5 298.5 Calcisiltite N/A N/A 
HV-U17-297.0 297 Wackestone/Packstone 4610125 412275.5 
HV-U17-295.5 295.5 Calcisiltite N/A N/A 
HV-U17-294.0 294 Floatstone/Rudstone 4610124 412272.1 
HV-U17-292.5 292.5 Calcisiltite N/A N/A 
HV-U17-291.0 291 Wackestone/Packstone 4610121 412268.6 
HV-U17-289.5 289.5 Floatstone/Rudstone N/A N/A 
HV-U17-288.0 288 Calcisiltite 4610118 412267.3 
HV-U17-286.5 286.5 Wackestone/Packstone N/A N/A 
HV-U17-285.0 285 Wackestone/Packstone 4610116 412264.8 
HV-U17-283.5 283.5 Calcisiltite N/A N/A 
HV-U17-282.0 282 Floatstone/Rudstone 4610116 412261.6 
HV-U17-280.5 280.5 Wackestone/Packstone N/A N/A 
HV-U17-279.0 279 Wackestone/Packstone 4610118 412256.3 
HV-U17-277.5 277.5 Wackestone/Packstone N/A N/A 
HV-U17-276.0 276 Floatstone/Rudstone 4610120 412252.6 
HV-U17-274.5 274.5 Wackestone/Packstone N/A N/A 
HV-U17-273.0 273 Floatstone/Rudstone 4610128 412247.9 
HV-U17-271.5 271.5 Floatstone/Rudstone N/A N/A 
HV-U17-270.0 270 Wackestone/Packstone 4610132 412244.5 
HV-U17-268.5 268.5 Floatstone/Rudstone N/A N/A 
HV-U17-267.0 267 Wackestone/Packstone 4610130 412241.2 
HV-U17-265.5 265.5 Lime mudstone N/A N/A 
HV-U17-264.0 264 Floatstone/Rudstone 4610129 412237.4 
HV-U17-262.5 262.5 Floatstone/Rudstone N/A N/A 
HV-U17-261.0 261 Calcisiltite 4610130 412235 
HV-U17-259.5 259.5 Wackestone/Packstone N/A N/A 
HV-U17-258.0 258 Calcisiltite 4610127 412231.6 
HV-U17-256.5 256.5 Wackestone/Packstone N/A N/A 
HV-U17-255.0 255 Wackestone/Packstone 4610126 412228.1 
HV-U17-253.5 253.5 Floatstone/Rudstone N/A N/A 
HV-U17-252.0 252 Wackestone/Packstone 4610124 412226.8 
HV-U17-250.5 250.5 Wackestone/Packstone N/A N/A 
HV-U17-249.0 249 Floatstone/Rudstone 4610120 412222.4 
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Sample Stratigraphic Position (m) Lithology Northing Easting 
HV-U17-247.5 247.5 Wackestone/Packstone N/A N/A 
V-U17-246.0 246 Floatstone/Rudstone 4610116 412220.9 
HV-U17-244.5 244.5 Wackestone/Packstone N/A N/A 
HV-U17-243.0 243 Floatstone/Rudstone 4610115 412218.2 
HV-U17-241.5 241.5 Lime mudstone N/A N/A 
HV-U17-240.0 240 Floatstone/Rudstone 4610111 412217.4 
HV-U17-238.5 238.5 Floatstone/Rudstone N/A N/A 
HV-U17-237.0 237 Floatstone/Rudstone 4610112 412212 
HV-U17-235.5 235.5 Wackestone/Packstone N/A N/A 
HV-U17-234.0 234 Calcisiltite 4610111 412210.3 
HV-U17-232.5 232.5 Calcisiltite N/A N/A 
HV-U16-231.0 231 Floatstone/Rudstone 4610107 412206.9 
HV-U17-229.5 229.5 Wackestone/Packstone N/A N/A 
HV-U17-228.5 228 Floatstone/Rudstone 4610103 412204.7 
HV-U16-226.5 226.5 Wackestone/Packstone 4610112 412195.1 
Covered 225 N/A N/A N/A 
Covered 223.5 N/A N/A N/A 
Covered 222 N/A N/A N/A 
Covered 220.5 N/A N/A N/A 
Covered 219 N/A N/A N/A 
Covered 217.5 N/A N/A N/A 
HV-U16-216.0 216 Floatstone/Rudstone 4610108 412185.7 
HV-U16-214.5 214.5 Floatstone/Rudstone N/A N/A 
HV-U16-213.0 213 Floatstone/Rudstone 4610105 412183.1 
HV-U16-211.5 211.5 Floatstone/Rudstone N/A N/A 
Covered 210 N/A N/A N/A 
HV-U16-208.5 208.5 Wackestone/Packstone N/A N/A 
Covered 207 N/A N/A N/A 
Covered 205.5 N/A N/A N/A 
HV-U16-204.0 204 Lime mudstone 4610102 412173.3 
HV-U16-202.5 202.5 Floatstone/Rudstone N/A N/A 
HV-U16-201.0 201 Calcisiltite 4610098 412170.3 
HV-U16-199.5 199.5 Lime mudstone N/A N/A 
Covered 198 N/A N/A N/A 
Covered 196.5 N/A N/A N/A 
HV-U16-195.0 195 Floatstone/Rudstone 4610094 412166.7 
HV-U16-193.5 193.5 Calcisiltite N/A N/A 
HV-U16-192.0 192 Calcisiltite 4610093 412164.5 
Covered 190.5 N/A N/A N/A 
HV0U16-189.0 189 Floatstone/Rudstone 4610091 412162.1 
HV-U16-187.5 187.5 Calcisiltite N/A N/A 
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Sample Stratigraphic Position (m) Lithology Northing Easting 
HV-U16-186.5 186.5 Floatstone/Rudstone 4610095 412153.9 
HV-U16-184.5 184.5 Calcisiltite N/A N/A 
HV-U16-183.0 183 Lime mudstone 4610093 412149.7 
HV-U16-181.5 181.5 Calcisiltite N/A N/A 
HV-U16-180.0 180 Floatstone/Rudstone 4610098 412142.9 
HV-U15-178.5 178.5 Calcisiltite N/A N/A 
HV-U15-177.0 177 Lime mudstone 4610100 412140.4 
HV-U15-175.5 175 Lime mudstone N/A N/A 
HV-U15-174.0 174 Floatstone/Rudstone 4610098 412137.9 
HV-U15-172.5 172.5 Floatstone/Rudstone N/A N/A 
HV-U15-171.0 171 Lime mudstone 4610098 412134.6 
HV-U14-169.0 169.5 Floatstone/Rudstone N/A N/A 
HV-U14-168.0 168 Floatstone/Rudstone 4610098 412130.2 
HV-U14-166.5 166.5 Calcisiltite N/A N/A 
HV-U14-165.0 165 Floatstone/Rudstone 4610092 412132.1 
HV-U14-163.0 163.5 Calcisiltite N/A N/A 
HV-U14-162.0 162.4 Floatstone/Rudstone 4610089 412128.5 
HV-U14-160.5 160.5 Floatstone/Rudstone N/A N/A 
HV-U14-159.0 159 Calcisiltite 4610087 412127.4 
HV-U14-157.5 157.5 Calcisiltite 4610082 412126.8 
HV-U14-156.0 156 Calcisiltite N/A N/A 
HV-U14-154.5 154.5 Lime mudstone N/A N/A 
HV-U14-153.0 153 Floatstone/Rudstone 4610082 412125.3 
HV-U14-151.5 151.5 Calcisiltite N/A N/A 
HV-U14-150.0 150 Floatstone/Rudstone 4610081 412122.5 
HV-U14-148.5 148.5 Floatstone/Rudstone N/A N/A 
HV-U14-147.0 147 Calcisiltite 4610081 412119.4 
HV-U14-145.5 145.5 Calcisiltite N/A N/A 
HV-U14-144.0 144 Lime mudstone 4610084 412115.9 
HV-U14-142.5 142.5 Floatstone/Rudstone N/A N/A 
HV-U14-141.0 141 Floatstone/Rudstone 4610081 412113.1 
HV-U14-139.5 139.5 Wackestone/Packstone N/A N/A 
HV-U14-138.0 138 Calcisiltite 4610079 412111 
HV-U14-136.5 136.5 Floatstone/Rudstone N/A N/A 
HV-U14-135.0 135 Floatstone/Rudstone 4610075 412109.3 
HV-U14-133.5 133.5 Floatstone/Rudstone N/A N/A 
HV-U14-132.0 132 Floatstone/Rudstone 4610074 412106.2 
HV-U14-130.5 130 Calcisiltite N/A N/A 
HV-U14-129.0 129 Wackestone/Packstone 4610071 412103.9 
HV-U14-127.5 127.5 Floatstone/Rudstone N/A N/A 
HV-U14-126.0 126 Floatstone/Rudstone 4610070 412102.5 
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Sample Stratigraphic Position (m) Lithology Northing Easting 
HV-U14-124.5 124.5 Floatstone/Rudstone N/A N/A 
HV-U14-123.0 123 Wackestone/Packstone 4610065 412098.8 
HV-U14-121.5 121.5 Wackestone/Packstone N/A N/A 
HV-U13-120.0 120.5 Floatstone/Rudstone 4610062 412097.3 
HV-U13-118.5 118.5 Wackestone/Packstone N/A N/A 
HV-U13-117.0 117 Floatstone/Rudstone 4610060 412095.4 
HV-U13-115.5 115.5 Wackestone/Packstone N/A N/A 
HV-U13-114.0 114 Wackestone/Packstone 4610057 412094.2 
HV-U13-112.5 112.5 Wackestone/Packstone N/A N/A 
HV-U13-111.0 111 Wackestone/Packstone 4610048 412103.8 
HV-U13-109.5 109.5 Floatstone/Rudstone N/A N/A 
HV-U13-108.0 108 Floatstone/Rudstone 4610046 412104.2 
HV-U13-106.5 106.5 Floatstone/Rudstone N/A N/A 
HV-U13-105.0 105 Lime mudstone 4610039 412111.4 
HV-U13-103.5 103.5 Lime mudstone N/A N/A 
HV-U13-102.5 102 Floatstone/Rudstone 4610036 412110 
HV-U13-100.5 100.5 Lime mudstone N/A N/A 
HV-U13-99.0 99 Floatstone/Rudstone 4610034 412108.1 
HV-U13-98.5 98.5 Calcisiltite N/A N/A 
HV-U13-97.5 97.5 Lime mudstone N/A N/A 
HV-U13-96.0 96 Calcisiltite 4610031 412109.9 
HV-U13-94.5 94.5 Lime mudstone N/A N/A 
HV-U13-93.0 93 Lime mudstone 4610030 412108.3 
HV-U13-91.5 91.5 Dolostone N/A N/A 
HV-U12-90.0 90 Dolostone 4610024 412119.2 
HV-U12-88.5 88.5 Lime mudstone N/A N/A 
HV-U11-87.0 87 Dolostone 4610026 412103.8 
Covered 85.5 N/A N/A N/A 
HV-U11-83.6 83.6 Dolostone 4610024 412102.4 
HV-U11-82.0 82.5 Dolostone N/A N/A 
HV-U11-81.0 81 Dolostone 4610022 412106.2 
HV-U10-79.5 79.5 Floatstone/Rudstone N/A N/A 
HV-U10-78.0 78 Lime mudstone 4610017 412102.2 
HV-U10-76.5 76.5 Wackestone/Packstone N/A N/A 
HV-U10-75.0 75 Lime mudstone 4610016 412104.2 
HV-U10-73.5 73.5 Lime mudstone N/A N/A 
HV-U10-72.0 72 Calcisiltite 4610009 412098 
HV-U10-70.5 70.5 Wackestone/Packstone N/A N/A 
HV-U10-69.0 69 Lime mudstone 4610005 412098.4 
HV-U10-67.5 67.5 Calcisiltite N/A N/A 
HV-U10-66.0 66 Lime mudstone 4610005 412100.4 
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Sample Stratigraphic Position (m) Lithology Northing Easting 
HV-U10-64.5 64.5 Calcisiltite N/A N/A 
HV-U10-63.0 63 Calcisiltite 4610003 412097.5 
HV-U10-61.5 61.5 Calcisiltite N/A N/A 
HV-U10-60.0 60 Calcisiltite 4609999 412096.7 
HV-U10-58.5 58.5 Calcisiltite N/A N/A 
HV-U10-57.0 57 Wackestone/Packstone 4609997 412097.3 
HV-U10-55.5 55.5 Calcisiltite N/A N/A 
HV-U10-54.0 54 Lime mudstone 4609994 412094.2 
HV-U10-52.5 52.5 Wackestone/Packstone N/A N/A 
HV-U10-51.0 51 Lime mudstone 4609990 412103.2 
HV-U09-49.5 49.5 Calcisiltite N/A N/A 
HV-U09-48.0 48 Lime mudstone 4609988 412105.3 
HV-U09-46.5 46.5 Calcisiltite N/A N/A 
HV-U09-45.0 45 Floatstone/Rudstone 4609986 412111.6 
HV-U09-43.5 43.5 Calcisiltite N/A N/A 
HV-U09-42.0 42 Wackestone/Packstone 4609986 412109.2 
HV-U09-40.5 40.5 Lime mudstone N/A N/A 
HV-U08-39.0 39 Lime mudstone N/A N/A 
HV-U08-37.5 37.5 Wackestone/Packstone N/A N/A 
HV-U08-36.0 36 Wackestone/Packstone 4609977 412110 
HV-U08-34.5 34.5 Floatstone/Rudstone N/A N/A 
HV-U08-33.0 33 Wackestone/Packstone 4609982 412105.4 
HV-U08-31.5 31.5 Calcisiltite N/A N/A 
HV-U07-30.0 30 Calcisiltite 4609972 412108.8 
HV-U07-28.5 28.5 Lime mudstone N/A N/A 
HV-U07-27.0 27 Floatstone/Rudstone 4609972 412108.8 
HV-U07-25.5 25.5 Floatstone/Rudstone N/A N/A 
HV-U07-24.0 24 Calcisiltite 4609969 412110 
HV-U07-22.5 22.5 Calcisiltite N/A N/A 
HV-U06-20.0 20 Floatstone/Rudstone 4609965 412112.4 
HV-U06-19.5 19.5 Floatstone/Rudstone N/A N/A 
HV-U06-17.0 17 Floatstone/Rudstone 4609963 412112.7 
HV-U06-16.5 16.5 Floatstone/Rudstone N/A N/A 
HV-U06-14.0 14 Lime mudstone 4609964 412117.4 
HV-U04-13.5 13.5 Lime mudstone N/A N/A 
HV-U04-12.0 12 Calcisiltite 4609958 412125 
HV-U03-10.5 10.5 Lime mudstone N/A N/A 
HV-U03-9.0 9 Lime mudstone 4609942 412129 
HV-U02-7.5 7.5 Calcisiltite N/A N/A 
HV-U02-6.0 6 Floatstone/Rudstone 4609946 412129.5 
HV-U01-4.5 4.5 Calcisiltite N/A N/A 
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Sample Stratigraphic Position (m) Lithology Northing Easting 
HV-U01-3.0 3 Dolostone 4609953 412118.2 
HV-U01-1.5 1.5 Dolostone N/A N/A 
HV-U01-0.0 0 Dolostone N/A N/A 
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Appendix A2. Garden City Formation, Green Canyon Section Sample Lithologies, 
Stratigraphic Positions. (GPS locations are unavailable).
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Sample Stratigraphic Position (m) Lithology Northing Easting 
GC-U25-32.5 394.1 Wackestone/Packstone N/A N/A 
GC-U25-30.0 391.6 Calcisiltite N/A N/A 
GC-U25-27.0 388.6 Calcisiltite N/A N/A 
GC-U25-24.0 385.6 Calcisiltite N/A N/A 
GC-U25-21.0 382.6 Wackestone/Packstone N/A N/A 
GC-U25-18.0 379.6 Calcisiltite N/A N/A 
GC-U25-15.0 376.6 Calcisiltite N/A N/A 
GC-U25-12.0 373.6 Calcisiltite N/A N/A 
GC-U25-9.0 370.6 Calcisiltite N/A N/A 
GC-U25-6.0 367.6 Calcisiltite N/A N/A 
GC-U25-3.0 364.6 Calcisiltite N/A N/A 
GC-U24-51.0 361.6 Wackestone/Packstone N/A N/A 
GC-U24-48.0 358.6 Wackestone/Packstone N/A N/A 
GC-U24-45.0 355.6 Wackestone/Packstone N/A N/A 
GC-U24-42.0 352.6 Wackestone/Packstone N/A N/A 
GC-U24-39.0 349.6 Wackestone/Packstone N/A N/A 
GC-U24-36.0 346.6 Calcisiltite N/A N/A 
GC-U24-28.5 338.6 Wackestone/Packstone N/A N/A 
GC-U24-24.0 334.6 Wackestone/Packstone N/A N/A 
GC-U24-21.0 331.6 Wackestone/Packstone N/A N/A 
GC-U24-12.0 322.6 Calcisiltite N/A N/A 
GC-U24-9.0 319.6 Calcisiltite N/A N/A 
GC-U24-6.0 316.6 Calcisiltite N/A N/A 
GC-U24-3.0 313.6 Calcisiltite N/A N/A 
GC-U24-0.0 310.6 Calcisiltite N/A N/A 
Cover 282.7 N/A N/A N/A 
GC-U23-27.0 282.3 Calcisiltite N/A N/A 
GC-U23-24.0 279.3 Floatstone/Rudstone N/A N/A 
GC-U23-21.0 276.3 Wackestone/Packstone N/A N/A 
GC-U23-18.0 273.3 Wackestone/Packstone N/A N/A 
GC-U23-15.0 270.3 Calcisiltite N/A N/A 
GC-U23-12.0 267.3 Calcisiltite N/A N/A 
GC-U23-9.0 264.3 Floatstone/Rudstone N/A N/A 
GC-U23-6.0 261.3 Floatstone/Rudstone N/A N/A 
GC-U23-3.0 258.3 Wackestone/Packstone N/A N/A 
GC-U23-0.0 255.3 Floatstone/Rudstone N/A N/A 
GC-U22-12.0 252.3 Floatstone/Rudstone N/A N/A 
GC-U22-9.0 249.3 Calcisiltite N/A N/A 
GC-U22-6.0 246.3 Wackestone/Packstone N/A N/A 
GC-U22-3.0 243.3 Floatstone/Rudstone N/A N/A 
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Sample Stratigraphic Position (m) Lithology Northing Easting 
GC-U22-0.0 240.3 Calcisiltite N/A N/A 
GC-U21-9.0 239.7 Floatstone/Rudstone N/A N/A 
GC-U21-6.0 236.7 Wackestone/Packstone N/A N/A 
GC-U21-3.0-D 233.7 Wackestone/Packstone N/A N/A 
GC-U20-2.4 230.7 Floatstone/Rudstone N/A N/A 
GC-U20-0.0 228.3 Floatstone/Rudstone N/A N/A 
GC-U19-4.5 227.5 Wackestone/Packstone N/A N/A 
GC-U19-0.0 223 Calcisiltite N/A N/A 
GC-U18-15.0 220.9 Calcisiltite N/A N/A 
GC-U18-12.0 217.9 Calcisiltite N/A N/A 
GC-U18-9.0 214.9 Calcisiltite N/A N/A 
GC-U18-6.0 211.9 Calcisiltite N/A N/A 
GC-U18-3.0 208.9 Wackestone/Packstone N/A N/A 
GC-U17-0.7 205.6 Lime mudstone N/A N/A 
Cover 198.2 N/A N/A N/A 
GC-U16-7.7 197.4 Lime mudstone N/A N/A 
GC-U16-6.6 196.3 Floatstone/Rudstone N/A N/A 
GC-U16-3.0 192.7 Lime mudstone N/A N/A 
GC-U15-86.65 189.7 Floatstone/Rudstone N/A N/A 
GC-U15-83.65 186.7 Floatstone/Rudstone N/A N/A 
GC-U15-81.0 184 Calcisiltite N/A N/A 
GC-U15-78.0A 181 Lime mudstone N/A N/A 
GC-U15-75.0 178 Calcisiltite N/A N/A 
GC-U15-72.0 175 Lime mudstone N/A N/A 
GC-U15-69.0 172 Floatstone/Rudstone N/A N/A 
GC-U15-63.0A 166 Floatstone/Rudstone N/A N/A 
GC-U15-60.0 163 Lime mudstone N/A N/A 
GC-U15-54.0 157 Floatstone/Rudstone N/A N/A 
GC-U15-51.0 154 Calcisiltite N/A N/A 
GC-U15-48.0A 151 Floatstone/Rudstone N/A N/A 
GC-U15-45.0 148.2 Floatstone/Rudstone N/A N/A 
GC-U15-42.0A 145 Floatstone/Rudstone N/A N/A 
GC-U15-39.0 142 Calcisiltite N/A N/A 
GC-U15-36.0 139 Wackestone/Packstone N/A N/A 
GC-U15-33.0 136 Calcisiltite N/A N/A 
GC-U15-30.0 133 Floatstone/Rudstone N/A N/A 
GC-U15-27.0 130 Floatstone/Rudstone N/A N/A 
GC-U15-21.0 124 Calcisiltite N/A N/A 
GC-U15-18.0 121 Calcisiltite N/A N/A 
GC-U15-15.0 118 Floatstone/Rudstone N/A N/A 
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Sample Stratigraphic Position (m) Lithology Northing Easting 
GC-U15-12.0 115 Calcisiltite N/A N/A 
GC-U15-9.0 112 Floatstone/Rudstone N/A N/A 
GC-U15-6.0 109 Floatstone/Rudstone N/A N/A 
GC-U15-4.5 107.5 Calcisiltite N/A N/A 
GC-U15-3.0 106 Wackestone/Packstone N/A N/A 
GC-U15-0.0 103 Floatstone/Rudstone N/A N/A 
GC-U14-3.0 100.2 Calcisiltite N/A N/A 
GC-U13-0.4 96.5 Wackestone/Packstone N/A N/A 
GC-U12-3.0 94.6 Lime mudstone N/A N/A 
GC-U12-0.0A 91.6 Lime mudstone N/A N/A 
GC-U11-3.0 89.3 Wackestone/Packstone N/A N/A 
GC-U11-0.0A 86.3 Floatstone/Rudstone N/A N/A 
GC-U10-13.5 85.9 Lime mudstone N/A N/A 
GC-U10-12.0 84.4 Lime mudstone N/A N/A 
GC-U10-9.0 81.4 Floatstone/Rudstone N/A N/A 
GC-U10-7.5 79.9 Lime mudstone N/A N/A 
GC-U10-3.0 75.4 Lime mudstone N/A N/A 
GC-U10-1.0 73.4 Lime mudstone N/A N/A 
GC-U9-12.0A 70.5 Floatstone/Rudstone N/A N/A 
GC-U9-9.0 67.5 Calcisiltite N/A N/A 
GC-U9-6.0 64.5 Floatstone/Rudstone N/A N/A 
GC-U9-3.0 61.5 Calcisiltite N/A N/A 
GC-U8-3.0 58.3 Lime mudstone N/A N/A 
GC-U7-3.0 55.3 Floatstone/Rudstone N/A N/A 
ISO-GC-U7-2.0 54.3 Calcisiltite N/A N/A 
ISO-GC-U7-1.0 53.3 Calcisiltite N/A N/A 
GC-U6-5.1 52.3 Wackestone/Packstone N/A N/A 
ISO-GC-U6-5.0 52.2 Calcisiltite N/A N/A 
ISO-GC-U6-4.0 51.2 Floatstone/Rudstone N/A N/A 
GC-U6-3.15 50.4 Lime mudstone N/A N/A 
ISO-GC-U6-1.0 48.2 Floatstone/Rudstone N/A N/A 
GC-U5-6.0 47.2 Wackestone/Packstone N/A N/A 
GC-U5-3.0 44.2 Calcisiltite N/A N/A 
GC-U4-9.0 40.9 Calcisiltite N/A N/A 
GC-U4-6.0A 37.9 Floatstone/Rudstone N/A N/A 
GC-U4-3.0 34.2 Floatstone/Rudstone N/A N/A 
GC-U3-3.0B 31.2 Floatstone/Rudstone N/A N/A 
GC-U3-0.0 28.4 Calcisiltite N/A N/A 
GC-U2-1.7A 28.3 Floatstone/Rudstone N/A N/A 
GC-U2-1.1 27.6 Calcisiltite N/A N/A 
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Sample Stratigraphic Position (m) Lithology Northing Easting 
ISO-GC-U1-
14.0 26.5 Lime mudstone N/A N/A 
ISO-GC-U1-
13.0 25.5 Lime mudstone N/A N/A 
GC-U1-12.0 24.5 Lime mudstone N/A N/A 
ISO-GC-U1-
11.0-D 23.5 Calcisiltite N/A N/A 
ISO-GC-U1-
10.0 22.5 Floatstone/Rudstone N/A N/A 
GC-U1-9.0 21.5 Calcisiltite N/A N/A 
ISO-GC-U1-8.0 20.5 Lime mudstone N/A N/A 
ISO-GC U1- 7.0 19.5 Lime mudstone N/A N/A 
GC-U1-6.0 18.5 Lime mudstone N/A N/A 
GC-U1-3.0B 15.5 Lime mudstone N/A N/A 
GC-U1-0.0 12.6 Calcisiltite N/A N/A 
GC-U0-10.0 12.5 Dolostone N/A N/A 
GC-U0-9.0 11.5 Dolostone N/A N/A 
GC-U0-8.0 10.5 Dolostone N/A N/A 
GC-U0-7.0 9.5 Calcisiltite N/A N/A 
GC-U0-6.0 8.5 Dolostone N/A N/A 
GC-U0-5.0 7.5 Floatstone/Rudstone N/A N/A 
GC-U0-4.0 6.5 Dolostone N/A N/A 
GC-U0-3.0 5.5 Dolostone N/A N/A 
GC-U0-2.0 4.5 Dolostone N/A N/A 
GC-U0-1.0 3.5 Dolostone N/A N/A 
GC-U0-0.0 2.5 Dolostone N/A N/A 
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Appendix B1. X-ray Fluorescence Elemental Analysis Methodology 
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X-ray Fluorescence Introduction/Background 
When analyzing large amounts of samples for elemental concentrations, 
conventional means of analysis like wavelength-dispersive X-ray fluorescence (WD-
XRF) and inductively coupled plasma mass spectrometry (ICP-MS) can be extremely 
costly. Previous workers have shown that the use of portable X-ray spectrometers 
(pXRF) is capable of providing fast, reproducible, quantitative, and semi-quantitative 
data on a variety of different materials such as submarine sediments, mudrocks, and 
recovered core of igneous origin (Löwemark et al., 2011; Hennekam and Lange, 2012; 
Liang et al., 2012; Rowe et al., 2012; Ryan et al., 2017). The use of pXRF allows for fast 
and precise major and trace-element measurements on a large number of samples (Ryan 
et al., 2017), at a fraction of the cost when compared with more conventional analyses. 
Portable X-ray fluorescence analyses work by emitting radiation from an X-ray tube 
within the instrument, which interacts with the atoms in the sample being analyzed. 
Given enough energy, the incident radiation excites the atoms in the sample. This causes 
an electron in the atoms' inner shells to be ejected. The vacancy is then filled by an 
electron from higher shells of the atoms. As the electron from a higher shell moves to fill 
the vacancy created by the atoms' ejected electron, it loses energy, which is emitted from 
the sample in the form of characteristic radiation at specific energy levels, which are 
different for each element. The detector within the handheld XRF instrument then detects 
the characteristic radiation emitted from the sample and converts it into an electrical 
signal (Fig. 35). This, in turn, enables the instrument and its software to determine the 
concentrations of specific elements within the sample in the form of element intensities 




Figure 35. Interaction between the basic components of an pXRF spectrometer, the 
incident radiation and the sample, the sample and the characteristic radiation, the 
characteristic radiation, the detector, and the detector and the data processing system. 
Figure modified from Marguí and Grieken (2013). 
The acquisition of quantitative major and trace-element intensity data by pXRF 
analyses can be complicated by chemical matrix effects due to interfering elements of 
differing concentrations within a sample (Marguí and Grieken, 2013). The chemical 
matrix effects involved are either absorption effects or enhancement effects. During 
pXRF analyses, the incident radiation emitted from the instrument interacts with all of the 
atoms in a sample. As the incident radiation travels through a sample, all of the atoms 
within that sample will absorb or scatter that radiation, which will modify the portion of 
the radiation that is the most effective in exciting the atoms of the element that is to be 
measured (Marguí and Grieken, 2013). This is known as primary absorption. The 
characteristic radiation emitted from the sample will also interact with and be absorbed 
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by other atoms as it leaves the sample (Marguí and Grieken, 2013). This is known as 
secondary absorption. 
The absorption of incident and characteristic radiation increases as the radiation 
energy decreases, the length of the path the radiation must travel increases, and when the 
sample's atomic number and density increase. The absorption effects within a sample can 
result in a decrease in the amount of characteristic radiation that reaches the detector of 
the instrument (Marguí and Grieken, 2013), which will result in major and trace element 
intensities that are lower than what they actually should be. As the incident radiation 
interacts with the sample, it also causes the atoms of other elements not analyzed to emit 
characteristic radiation. Enhancement effects occur when the energy level of the 
characteristic radiation emitted by these elements is high enough that it can interact with 
the atoms of the element being analyzed. This results in the emission of more 
characteristic radiation from the element (Marguí and Grieken, 2013). Enhancement 
effects will result in increased characteristic radiation reaching the detector of the 
instrument (Marguí and Grieken, 2013), which will result in major and trace-element 
intensities that are higher than what they actually should be. Mitigation of chemical 
matrix effects in pXRF analyses is accomplished with reference standards with similar 
matrixes of known major- and trace-element concentrations that the sample data can be 
calibrated to (Rowe et al., 2012). 
One inherent issue with ED-XRF analyses is that the calibration of element 
intensities with reference standards to obtain element concentrations in a more useful 
measure such as parts per million or weight percent is problematic (Weltje and Tjallingii, 
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2008). Because of this, most ED-XRF results in the literature are presented in count rates 
or count rate ratios (Weltje and Tjallingii, 2008), which makes comparisons with datasets 
from more conventional WD-XRF and ICP-MS methods difficult. With most ED-XRF 
instrumentation, factory calibrations and software allow the user to convert element 
intensities into element concentrations. The drawback to these factory calibrations is that 
they tend to cater to soils and metal alloy analyses and not analyses of geologic samples. 
Some ED-XRF instruments come with calibration software that allows the user to use 
reference standards to construct calibrations that can be used to calibrate element 
intensities to useful element concentrations. Ryan et al. (2017) have shown that it is 
possible to acquire precise quantitative elemental concentrations on a geologic sample 
using a pXRF soils calibration. Ryan et al. (2017) analyzed a suite of international 
reference standards utilizing the supplied soils calibration; samples were then analyzed 
with the same soils calibration. Using the suite of international reference standards 
analyzed with the soils calibration, Ryan et al. (2017) normalized the sample data to 
those standards' accepted concentrations. A downside to this type of software is that it is 
generally instrument-specific. If pXRF analyses are made with a slightly older instrument 
that did not come with calibration software, it becomes increasingly difficult to calibrate 
element intensities element concentrations.  
 An open-source calibration software package called CloudCal developed by 
Drake (2018) solves all previously-mentioned problems. Based on the algorithm 
developed by Lucas-Tooth and Price (1961), this software allows the user to construct 
customized calibrations using the appropriate reference standards and then apply those 
calibrations to obtain element concentrations (Drake, 2018a). The CloudCal software also 
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has the capability of working with a multitude of different instruments (Drake, 2018a). 
For example, this software was used with a Brucker Tracer III-V+ handheld energy 
dispersive X-ray fluorescence instrument to perform sample analyses for quantitative 
element concentrations. 
 There are no analyses of carbonates by pXRF with the use of the CloudCal 
software in the literature. Another problem with the analyses of carbonates by pXRF is 
the lack of well-characterized reference standards. This present study presents a new 
analytical method for analyzing carbonates by pXRF developed to be used with the 
CloudCal software. Due to the lack of well-characterized carbonate standards for pXRF 
analyses, new in-house reference standards were developed. 
Reference Standard Development 
A total of 31 in-house carbonate standards were developed. These standards 
allowed the construction of calibrations using the CloudCal software that enabled the 
analyses of carbonates by pXRF with reduced chemical matrix effects. The reference 
standards are a collection of carbonate rocks and minerals collected from various 
limestone and dolostone outcrops throughout Utah and other commercially available 
sources. To ensure homogeneity, which will allow for more accurate whole-rock 
analyses, samples used as reference standards were powdered using a ROCKLABS 
tungsten-carbide mill. Following in-house laboratory procedures, major-and-trace 
element concentrations for the reference standards were determined by WD-XRF analysis 
of pressed pellets and ICP- MS after nitric and hydrofluoric acid digestion. These 
analyses provided the element concentration values needed to create pXRF calibrations 
that samples could be referenced to.While it is possible to analyze elements starting from 
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beryllium and on through the periodic table by XRF (Grieken and Markowicz, 2002; 
Wirth and Barth, 2020), the precision and accuracy of currently available XRF 
instrumentation in measuring the concentration of elements with an atomic number less 
than eleven (sodium) is severely limited (Wirth and Barth, 2020). Generally, elements 
with an atomic number less than eleven usually are not detectable by XRF analyses 
without specialized instrumentation and procedures (Grieken and Markowicz, 2002), 
which presents a problem that must be addressed when analyzing calcium carbonate 
rocks and minerals. Carbon and oxygen can make up as much as 44% of calcium 
carbonates in the form of CO2, which is not detected during analyses because the atomic 
numbers for both carbon and oxygen are less than eleven. Since CO2 is not detected 
during XRF analysis, the other portion of a carbonate that is not comprised of CO2 is the 
only portion of the carbonate that is analyzed. This results in element concentrations that 
are higher than they should be because the detected portion of the sample appears more 
concentrated, making up 100% of the sample when it is diluted by CO2 that is not seen. 
The CO2 in carbonate rock and mineral samples must be accounted for during 
analyses by XRF; this is done by utilizing reference standards whose elemental 
concentrations have been adjusted for the presence of CO2. The amount of CO2 in each 
reference standard must first be determined to adjust the element concentrations for CO2 
in the reference standards. Each reference standard underwent a loss on ignition (LOI) 
test to determine the amount of CO2 in each sample by weight percent (wt.%). This 
process involves heating a sample to an appropriate temperature, which allows the 
volatiles within the sample to escape in the form of water and CO2. 
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LOI analyses were carried out by weighing approximately one to two grams of 
sample powder and placing it in an oven at 900° C for sixteen hours. Each sample was 
then re-weighed once cool, and the difference in sample mass was determined by 
subtracting the post-ignition sample mass from the pre-ignition sample mass. The 
difference in sample mass was then divided by the pre-ignition sample mass, and the 
quotient was multiplied by one hundred to obtain the weight percent of CO2 in each 
sample. Once the amount of CO2 was determined, the raw data obtained from WD-XRF 
analyses reference standards were corrected for CO2 and normalized to 100% by weight 
for the major elements (Appendices B1 and B2). Trace elements are not included in the 
normalization procedure because their combined concentrations in any particular sample 
are less than 0.1% by weight (Appendices B3); this is also common practice for XRF 
analytical labs. Deleting the LOI content and normalizing each sample to 100 wt.% 
ensures that the data produced can be compared with data of the same type from other 
sources (Johnson et al., 1999). The following equation was used to correct the raw WD-
XRF data for the reference standards: 




where the IME is the individual major element raw data in wt.%, LOI is “loss on 
ignition,” which represents the CO2 concentration in wt.% for the sample being corrected, 




Carbonate Calibration Development 
Most laboratory-based XRF instrumentation can run a preset program that 
optimizes the instrument for analyzing a specific element automatically by changing 
amperage and voltage settings and introducing filters that modify the emitted X-rays to 
analyze individual elements better. WD-XRF instrumentation implements Bragg’s law to 
separate the individual wavelengths of the characteristic radiation emitted by a sample, 
which allows this type of instrumentation to analyze one element at a time (Grieken and 
Markowicz, 2002; Marguí and Grieken, 2013). Portable X-ray fluorescence spectrometry 
works by energy dispersive X-ray fluorescence (ED-XRF), which analyzes all of the 
characteristic radiation emitted by the sample at the same time, and allows data to be 
acquired and displayed quickly (Marguí and Grieken, 2013).The downside to pXRF 
analyses is that, because it analyzes all the emitted characteristic radiation from a sample 
at the same time, it can easily overwhelm the detector, causing the detector to miss 
analyzing characteristic radiation resulting in element intensities or counts per second to 
be lower than they are (Grieken and Markowicz, 2002; Marguí and Grieken, 2013). This 
is known as deadtime. Deadtime is mitigated by adjusting the amperage levels of the 
instrument. If the amperage level is too high, it will result in higher counts per second and 
a higher potential of overwhelming the instrument's detector. Amperage is also directly 
related to energy (voltage) in the form of the power output (wattage) of the instrument; as 
either voltage or amperage is increased, so too is the wattage. The Bruker Tracer III-V+ 
pXRF used for analyses utilizes an X-ray tube with a 2-watt capacity. The manufacturer 
recommends keeping the voltage and amperage setting low enough so that the overall 
power output remains below 1.5 watts to help prolong the life of the X-ray tube. The 
118 
 
correct voltage setting is also critical to ensure proper analyses. To ensure proper 
excitation of the atoms of any particular element, the voltage must exceed the excitation 
energy for that element by at least 2-kilo electron volts (keV) or more (Drake, 2018b). 
For example, the energy needed to excite the inner shell electrons in an iron atom is 6.4 
keV; therefore, a minimum of 8.4 keV would be needed to analyze iron by XRF. 
When analysis by pXRF is performed on a sample, amperage and voltage must be 
taken into consideration. ED-XRF instrumentation does not automatically optimize 
amperage and voltage settings for each element, and it would be impractical and too 
time-consuming to optimize for each element manually. Therefore, elements analyzed by 
pXRF usually are broken into groups of elements that can be measured with a single 
amperage and voltage setting; this can be accomplished with a low voltage setting and a 
high voltage setting. Lighter elements, those with an atomic number lower than twenty-
six (iron), require less voltage for proper excitation. Because lighter elements require less 
voltage, it is possible to increase the amperage, which is necessary to see low ppm level 
elemental concentrations (Drake, 2018b). Heavier elements with an atomic number 
higher than twenty-six require a higher voltage for proper excitation. Still, because that 
voltage needs to be higher, the amperage must be lower to ensure that the instrument's 
power output remains within specification (Drake, 2018b).  
Another issue that arises with lighter elements is the atmosphere between the 
sample and the pXRF instrument's detector. The oxygen, nitrogen, and argon gasses 
found in the atmosphere can easily interfere with the characteristic radiation emitted from 
the sample making it more difficult to properly analyze light elements like sodium and 
magnesium (Drake, 2018b). By controlling atmospheric parameters by either removing 
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the air between the sample and detector through a vacuum or displacing it with a helium 
flow will significantly increase the pXRF instrument's sensitivity, which is critical when 
analyzing light elements (Drake, 2018b). With heavier elements, atmospheric control is 
not as critical as the characteristic x-ray radiation from these elements is more energetic 
and not absorbed or scattered by air molecules. The main issue with the analysis of 
heavier elements is with the high voltage setting of the instrument. While the higher 
voltage allows for the analysis of almost every element, it produces background scatter in 
the form of brehmstralrung radiation, which will obscure individual element intensities, 
making quantitative and qualitative analyses difficult (Drake, 2018b). The effects of high 
voltage settings can be mitigated through the use of filters, which are generally made 
from a combination of different metals of different thicknesses laminated together. These 
filters are placed between the X-ray tube and the sample and modify the X-ray beam 
before it interacts with the sample, which optimizes different zones of voltages (Drake, 
2018b). For example, the green filter that is included with the Brucker Tracer III-V+ 
handheld electron dispersive X-ray fluorescence instrument is composed of a 150 µm 
layer of copper, a 25 µm layer of titanium, and a 300 µm layer of aluminum. Still, the red 
filter is nearly identical except for the layer of copper, which is only 25 µm thick. The 
green filter optimizes for a voltage range between 13 – 17 keV, which is optimal for 
elements whose excitation energies include but are not limited to rubidium, strontium, 
yttrium, zirconium, niobium, and molybdenum. While the red filter optimizes for a 




Before suitable calibrations can be developed, it is essential that the elements that 
are to be analyzed are determined. This will ensure that proper atmospheric parameters 
and X-ray filters, if required, are chosen, and suitable voltage and amperage settings are 
applied. Another factor that must also be taken into consideration is exposure time, the 
time a sample is exposed to X-rays during analysis. The exposure time is directly related 
to the precision of pXRF instrumentation (Marguí and Grieken, 2013). The exposure time 
does not affect element intensities (Grieken and Markowicz, 2002; Rodríguez-Germade 
et al., 2015), but it does have a direct effect on the number of scanning counts (Huang et 
al., 2016). As the exposer time is increased, the number of scanning counts is also 
increased, which reduces the counting statistical errors, thereby increasing the precision 
of the analysis (Grieken and Markowicz, 2002; Marguí and Grieken, 2013; Rodríguez-
Germade et al., 2015; Huang et al., 2016). Once the elements to be analyzed are chosen, 
and the proper instrument and atmospheric parameters are identified, the calibration 
standards are analyzed with the pXRF with the chosen parameters that will be used for all 
other subsequent analyses. 
The elements chosen for analysis in the present study are magnesium, aluminum, 
silicon, manganese, iron, and strontium. To properly measure concentrations for these 
elements by pXRF, it was determined that reference standards and samples would need to 
be analyzed at two different voltage settings. For the lighter elements, magnesium, 
aluminum, silicon, and iron, the optimal voltage and amperage settings were 15 keV and 
35 µA, respectively, with a helium flush. For elements heavier than iron, in this case, 
strontium, the optimal voltage and amperage settings were 40 keV and 25 µA, 
respectively. A helium flush was unnecessary for the heavier element analysis, but the 
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use of an aluminum, titanium, and copper X-ray filter was necessary to better optimize 
for strontium. 
Because of the high number of samples that were analyzed, it was necessary to 
determine an exposure time that would allow for time-efficient analyses while 
maintaining good analytical precision. A sample was analyzed five times at a single time 
interval starting at 5 seconds followed by 10 then 20 seconds with 20-second increases 
until a 300-second interval was reached to determine the best exposure time; this was 
done for both high- and low-energy settings. The relative standard deviation was then 
taken for each time interval using the individual counts for each element, using the 
following expression: 
𝑅𝑅𝑆𝑆𝐷𝐷(%) =  
𝑆𝑆𝐷𝐷
?̅?𝑥
 × 100% 
where SD is the standard deviation of replicate exposure time measurements, and ?̅?𝑥 is the 
mean value of replicate exposure time measurements. The relative standard deviation 
compares the sample standard deviation to the mean of the dataset and reflects the 
instrument's repeatability (Marguí and Grieken, 2013). These values were then plotted 
against time for each element to determine the exposure time needed for sample analyses 
(Fig. 36). It was determined that an exposure time of 180 seconds was sufficient to ensure 




Figure 36. Repeatability of measurements for low- and high-voltage settings as reflected 
by the relative standard deviation and exposure time. Both graphs show that as exposure 
time increases, the relative standard deviation decreases, indicating that the data is more 
tightly clustered around the mean. The low voltage setting shows a lot more variation 
with manganese than any other element. This is most likely due to the extremely low 
amounts of manganese found within the carbonate standards.  
Once all analytical parameters we determined, all 31 pressed pellet standards were 
analyzed by pXRF at 40 keV and 25 µA with a Cu-Ti-Al filter and 15 keV and 35 µA 
with a helium flush, for 180 seconds. The resulting counts per second values from the 
XRF spectrum for each sample were then entered into the CloudCal calibration software 
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(Drake, 2018a) along with their previously determined known elemental concentrations. 
This was done for both high- and low-voltage settings, resulting in two calibrations that 
can be used to convert elemental intensities into elemental concentrations that can be 
easily compared to similar data from other sources and analyses. 
Research Sample Analyses 
A total of 431 carbonate samples were analyzed by pXRF, 290 samples from the 
Cottonwood Canyon section, and 141 samples from the Green Canyon section of the 
Garden City Formation. All samples were prepared by first powdering them using a 
ROCKLABS tungsten-carbide ring mill. Due to the large number of samples to be 
analyzed and the time involved in processing a sample into a pressed pellet, this was not 
done to increase the time efficiency of the analyses. Instead, samplepowders were lightly 
pressed into 31 mm open-ended Spex cups, with one side covered with a 1.5 µm thick 
Etom® thin film, which is transparent to X-Rays. A subset of samples was analyzed by 
pXRF a total of ten times in both loose powder and pressed pellet form to ensure that a 
comparison between loose powders and pressed pellets could be made. The mean and 
standard deviations for each element of interest were determined and then compared. For 
magnesium, aluminum, phosphorous, potassium, manganese, iron, rubidium, yttrium, and 
zirconium, there exists a region of overlap between the standard deviations for the loose 
powder and pressed pellet samples that encompass the means of both samples, indicating 
that there is, no difference statistically, between measured values for the loose powder 
and pressed pellet samples. For silicon, calcium, titanium, and strontium, there exists a 
region of overlap between the standard deviations for the loose powder and pressed pellet 
that does not encompass one or both of the mean values of both samples; this suggests 
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that in certain instances, the measured values between the loose powder and pressed 
pellet samples are statistically the same and in other instances they are not. In most cases, 
it is notable to mention that the measured values of the pressed pellet samples tend to be 
less than the measured values of the loose powder samples in most cases (Appendix B4). 
Because this study is concerned only with relative changes in elemental concentrations, 
any differences between loose powder and pressed pellet samples are not of concern. 
Each sample was analyzed by pXRF at both the high- and low-voltage settings for 180 
seconds. The resulting XRF spectrum was then entered into the CloudCal calibration 
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 Unnormalized Major Elements (Weight %) 
Standard: SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SUM LOI Sum+LOI 
GC-U5-6.0 0.56 0.03 0.17 0.63 0.28 1.05 83.43 0.00 0.09 0.10 86.33 42.52 128.85 
FF-SSSM-U3-15.0 8.65 0.03 0.29 0.95 0.05 1.15 73.31 0.00 0.03 0.12 84.58 38.97 123.55 
HL-U2-12.0 8.07 0.08 0.74 1.14 0.03 1.54 72.26 0.00 0.44 0.08 84.36 38.63 122.99 
Bloomington Std. 3.56 0.08 0.93 1.31 0.09 1.39 75.72 0.00 0.12 0.08 83.27 41.38 124.64 
CACO3 0.00 0.00 0.07 0.36 0.00 0.11 84.59 0.00 0.00 0.01 85.13 43.08 128.20 
Cap Carbonate 4.28 0.06 1.18 1.27 0.19 32.76 42.94 0.00 0.45 0.03 83.15 45.21 128.36 
Cooks Road. 1 0.00 0.02 0.12 0.69 0.04 36.72 47.48 0.00 0.03 0.01 85.10 47.87 132.97 
Cooks Road 2 0.00 0.03 0.16 0.86 0.05 35.61 48.08 0.00 0.07 0.05 84.90 47.03 131.93 
Deep Creek 50.26 0.50 9.53 3.16 0.08 5.01 14.26 1.64 2.40 0.21 87.04 13.26 100.30 
FF-CCM-U9-13.3 9.07 0.06 0.89 2.71 0.17 1.47 70.64 0.00 0.22 0.09 85.31 38.13 123.44 
Fish Haven 
Dolomite 0.00 0.02 0.08 0.57 0.02 36.36 47.16 0.00 0.00 0.02 84.22 46.87 131.09 
HL-BHM-0.0 0.57 0.02 0.13 0.48 0.01 2.14 83.10 0.00 0.06 0.06 86.57 43.01 129.58 
HL-BHM-33.0 2.01 0.02 0.18 0.49 0.01 0.91 82.92 0.00 0.10 0.04 86.67 42.10 128.77 
HL-U2-34.5 9.24 0.08 0.48 0.93 0.03 1.03 71.04 0.00 0.41 0.29 83.53 35.31 118.84 
HL-U2-31.5 11.28 0.11 0.60 1.16 0.04 1.06 66.96 0.00 0.54 0.26 81.99 32.82 114.81 
HV-U9-40.5 43.81 0.50 9.04 4.99 0.02 6.48 23.53 0.00 3.33 0.14 91.85 18.15 110.00 
L-273 Aragonite 0.00 0.00 0.07 0.41 0.01 0.17 83.53 0.00 0.00 0.01 84.19 44.44 128.63 
L-277 Dolomite 0.00 0.02 0.13 0.56 0.02 33.81 46.79 0.00 0.02 0.01 81.36 46.36 127.72 
Laketown 1 0.84 0.03 0.34 0.57 0.02 35.64 46.25 0.00 0.08 0.01 83.78 46.41 130.18 
Laketown Alt. 3 40.45 0.08 1.76 0.67 0.01 5.67 29.13 0.00 0.22 0.09 78.06 21.41 99.47 
Laketown Dolo 1 
Cherty 59.04 0.02 0.15 0.42 0.01 7.84 13.56 0.00 0.01 0.01 81.04 12.91 93.95 
Lime-D 0.90 0.02 0.08 0.41 0.01 1.22 82.22 0.00 0.00 0.05 84.91 42.11 127.02 
Madison 1 0.00 0.02 0.07 0.37 0.01 4.03 81.69 0.00 0.00 0.01 86.18 43.86 130.04 
Madison 2 0.00 0.02 0.08 0.69 0.01 25.51 56.56 0.00 0.00 0.00 82.88 46.19 129.07 




Shingle Mill 20.09 0.15 1.59 0.94 0.01 8.92 49.73 0.00 0.68 0.14 82.25 30.66 112.92 
Soldier Creek 37.81 0.17 2.89 0.93 0.17 2.13 29.35 0.00 1.05 0.16 74.66 13.00 87.66 
Thaynes 4.58 0.04 0.36 2.85 0.05 28.04 48.23 0.00 0.09 0.03 84.27 45.10 129.37 
Twin Creek 0.87 0.03 0.31 0.53 0.02 1.04 83.21 0.00 0.13 0.04 86.18 42.60 128.77 
WW-U12-0.0 16.02 0.08 1.62 1.83 0.04 2.26 62.03 0.00 0.32 0.08 84.29 34.40 118.68 
Yule 0.00 0.01 0.07 0.39 0.02 0.84 83.18 0.00 0.00 0.01 84.52 43.44 127.96 
130 
 




 Normalized Major Elements (Weight %) 
Standard: SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Sum 
GC-U5-6.0 0.37 0.02 0.11 0.42 0.19 0.70 55.55 0.00 0.06 0.07 42.52 100.00 
FF-SSSM-U3-15.0 6.24 0.02 0.21 0.68 0.03 0.83 52.90 0.00 0.02 0.09 38.97 100.00 
HL-U2-12.0 5.87 0.06 0.54 0.83 0.02 1.12 52.56 0.00 0.32 0.06 38.63 100.00 
Bloomington Std. 2.50 0.05 0.66 0.92 0.07 0.98 53.31 0.00 0.08 0.05 41.38 100.00 
CaCO3 0.00 0.00 0.04 0.24 0.00 0.07 56.56 0.00 0.00 0.00 43.08 100.00 
Cap Carbonate 2.82 0.04 0.78 0.83 0.12 21.58 28.29 0.00 0.30 0.02 45.21 100.00 
Cooks Road. 1 0.00 0.01 0.07 0.42 0.02 22.50 29.09 0.00 0.02 0.01 47.87 100.00 
Cooks Road 2 0.00 0.02 0.10 0.53 0.03 22.21 30.00 0.00 0.04 0.03 47.03 100.00 
Deep Creek 50.09 0.50 9.50 3.15 0.08 4.99 14.21 1.63 2.39 0.21 13.26 100.00 
FF-CCM-U9-13.3 6.58 0.05 0.64 1.96 0.12 1.06 51.23 0.00 0.16 0.07 38.13 100.00 
Fish Haven 
Dolomite 0.00 0.01 0.05 0.36 0.01 22.94 29.75 0.00 0.00 0.01 46.87 100.00 
HL-BHM-0.0 0.37 0.01 0.09 0.32 0.01 1.41 54.70 0.00 0.04 0.04 43.01 100.00 
HL-BHM-33.0 1.34 0.02 0.12 0.33 0.01 0.61 55.39 0.00 0.06 0.03 42.10 100.00 
HL-U2-34.5 7.15 0.06 0.37 0.72 0.02 0.80 55.02 0.00 0.32 0.22 35.31 100.00 
HL-U2-31.5 9.24 0.09 0.49 0.95 0.03 0.87 54.86 0.00 0.44 0.21 32.82 100.00 
HV-U9-40.5 39.04 0.44 8.06 4.45 0.02 5.78 20.97 0.00 2.97 0.12 18.15 100.00 
L-273 Aragonite 0.00 0.00 0.05 0.27 0.00 0.11 55.12 0.00 0.00 0.01 44.44 100.00 
L-277 Dolomite 0.00 0.02 0.08 0.37 0.01 22.29 30.84 0.00 0.01 0.01 46.36 100.00 
Laketown 1 0.54 0.02 0.22 0.37 0.01 22.80 29.59 0.00 0.05 0.01 46.41 100.00 
Laketown Alt. 3 40.72 0.08 1.77 0.67 0.01 5.71 29.32 0.00 0.23 0.09 21.41 100.00 
Laketown Dolo 1 
Cherty 63.44 0.02 0.16 0.45 0.01 8.43 14.57 0.00 0.01 0.01 12.91 100.00 
Lime-D 0.61 0.01 0.05 0.28 0.01 0.83 56.06 0.00 0.00 0.03 42.11 100.00 
Madison 1 0.00 0.01 0.04 0.24 0.01 2.62 53.21 0.00 0.00 0.00 43.86 100.00 
Madison 2 0.00 0.01 0.05 0.45 0.01 16.56 36.72 0.00 0.00 0.00 46.19 100.00 




Shingle Mill 16.93 0.13 1.34 0.79 0.01 7.52 41.92 0.00 0.57 0.12 30.66 100.00 
Soldier Creek 44.06 0.19 3.37 1.08 0.20 2.48 34.20 0.00 1.22 0.19 13.00 100.00 
Thaynes 2.98 0.02 0.24 1.86 0.03 18.27 31.42 0.00 0.06 0.02 45.10 100.00 
Twin Creek 0.58 0.02 0.20 0.35 0.02 0.69 55.43 0.00 0.08 0.03 42.60 100.00 
WW-U12-0.0 12.47 0.06 1.26 1.42 0.03 1.76 48.28 0.00 0.25 0.06 34.40 100.00 
Yule 0.00 0.01 0.05 0.26 0.01 0.56 55.66 0.00 0.00 0.01 43.44 100.00 
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Appendix B4. WD-XRF Trace Element Data for Carbonate Reference Standards.
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 Trace Elements (ppm) 
Standard: 
N
b Zr Y Sr Rb Sc V Cr Ni Cu Zn Ba 
GC-U5-6.0 0 3 10 567 4 2.7 11 0 7 22 11 53 
FF-SSSM-U3-15.0 0 5 11 578 4 11 7 0 8 20 14 187 
HL-U2-12.0 0.2 23 12 469 14 1.4 0 0 8 16 13 130 
Bloomington Std. 0 14 17 778 9 0 23 0 10 24 24 105 
CACO3 0 7 4 25 3 0 7 0 9 23 11 412 
Cap Carbonate 0.7 27 9 115 20 15.6 0 194 15 10 37 88 
Cooks Road 1 0.2 10 7 26 3 17.1 2 0 3 11 9 30 
Cooks Road 2 0 10 5 29 3 0 2 0 4 13 16 11 
Deep Creek 9.7 199 23 145 72 8.7 47 19 14 17 48 256 
FF-CCM-U9-13.3 0 29 22 482 12 2.3 32 0 14 24 38 8 
Fish Haven 
Dolomite 0 9 6 40 2 16.4 1 0 3 11 6 0 
HL-BHM-0.0 0 0 4 887 5 15.8 7 0 8 21 8 7 
HL-BHM-33.0 0 3 7 548 7 0 15 0 11 15 10 0 
HL-U2-34.5 0.7 46 17 499 20 0.2 8 0 4 18 16 68 
HL-U2-31.5 2 90 15 391 24 0 20 0 9 14 16 53 
HV-U9-40.5 10 120 12 181 76 15.7 45 55 26 15 45 310 
L-273 Aragonite 0 0 9 778 4 0 5 0 4 23 3166 992 
L-277 Dolomite 0.7 16 7 114 4 131 6 0 3 11 23 16 
Laketown 1 0.1 10 6 72 7 0 8 0 6 7 8 0 
Laketown Alt. 3 0.7 18 9 22 10 13 9 0 9 6 25 31 
Laketown Dolo 1 
Cherty 0 6 3 14 2 5.4 0 0 0 0 5 0 
Lime-D 0 0 8 802 2 19 0 0 9 18 10 98 
Madison 1 0 7 6 131 3 7.8 0 0 12 23 14 23 
Madison 2 0 8 5 58 2 3.4 18 0 10 10 48 0 
Round Valley 0 1 6 512 4 10 11 0 7 12 13 7 
Shingle Mill 1.6 61 13 476 22 8.2 23 62 17 14 75 61 
Soldier Creek 4.8 153 16 107 27 14.7 22 4 7 12 21 165 
Thaynes 0 15 24 127 5 18.1 20 0 32 16 30 15 
Twin Creek 0 13 8 159 5 0 4 0 12 20 15 79 
WW-U12-0.0 0 40 10 443 15 1.6 7 0 12 13 23 104 
Yule 0.3 10 7 72 1 6.1 0 0 12 70 49 59 
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Appendix C1. Garden City Formation, Cottonwood Canyon Section δ13C, and δ18O 
Stable Isotope Ratio Data.
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Sample Stratigraphic position (m) Lithofacies δ13C (PDB) δ18O (PDB) 
HV-U19-434.4 434.4 Siltstone -6.49 -14.00 
HV-U19-433.5 433.5 Siltstone -8.12 -11.74 
HV-U19-432.0 432 Siltstone -3.29 -9.08 
HV-U19-429.0 429 Dolostone -1.02 -7.27 
HV-U19-427.5 427.5 Dolostone -1.47 -7.03 
HV-U19-426.0 426 Dolostone -0.59 -6.95 
HV-U19-424.5 424.5 Dolostone -0.42 -6.99 
HV-U19-423.0 423 Dolostone -0.82 -7.30 
HV-U19-421.5 421.5 Dolostone -0.65 -7.61 
HV-U19-420.0 420 Dolostone -2.19 -10.00 
HV-U19-418.5 418.5 Dolostone -2.07 -8.58 
HV-U19-417.0 417 Dolostone -1.22 -7.92 
HV-U19-415.5 415.5 Dolostone -0.69 -7.38 
HV-U19-414.0 414 Dolostone -1.09 -7.73 
Covered 412.5 N/A 15.00 0.00 
HV-U19-411.0 411 Dolostone -0.23 -8.10 
HV-U19-409.5 409.5 Dolostone -0.57 -8.96 
HV-U19-408.0 408 Dolostone -0.99 -7.56 
HV-U19-406.5 406.5 Dolostone -0.95 -7.48 
HV-U19-405.0 405 Dolostone -0.81 -6.92 
HV-U19-403.5 403.5 Dolostone -0.23 -8.39 
HV-U19-402.0 402 Dolostone -0.65 -6.99 
HV-U19-400.5 400.5 Dolostone -0.40 -7.30 
HV-U19-399.0 399 Dolostone -0.63 -7.68 
HV-U18-397.5 397.5 Wackestone/Packstone -1.65 -9.08 
HV-U18-396.0 396 Wackestone/Packstone -1.70 -9.29 
HV-U18-394.5 394.5 Wackestone/Packstone -1.20 -8.81 
Covered 393 N/A N/A N/A 
HV-U18-391.5 391.5 Wackestone/Packstone -1.81 -8.50 
HV-U18-390.0 390 Wackestone/Packstone -2.41 -8.41 
HV-U18-388.5 388.5 Wackestone/Packstone -2.29 -8.25 
HV-U18-387.0 387 Calcisiltite -2.39 -8.37 
HV-U18-385.5 385.5 Wackestone/Packstone -2.10 -8.17 
HV-U18-384.0 384 Wackestone/Packstone -1.95 -8.45 
HV-U18-382.5 382.5 Calcisiltite -1.79 -8.10 
HV-U18-381.0 381 Wackestone/Packstone -1.94 -8.27 
HV-U18-379.5 379.5 Wackestone/Packstone -2.51 -8.62 
HV-U18-378.0 378 Wackestone/Packstone -2.24 -8.32 
HV-U18-376.5 376.5 Calcisiltite -1.18 -8.26 
HV-U18-375.0 375 Calcisiltite -1.31 -8.02 
HV-U18-373.5 373.5 Wackestone/Packstone -2.19 -8.19 
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Sample Stratigraphic position (m) Lithofacies δ13C (PDB) δ18O (PDB) 
HV-U18-372.0 372 Wackestone/Packstone -2.81 -7.94 
HV-U18-370.5 370.5 Wackestone/Packstone -1.75 -8.09 
HV-U18-369.0 369 Wackestone/Packstone -1.70 -7.97 
HV-U18-367.5 367.5 Wackestone/Packstone -2.62 -8.15 
HV-U19-366.0 366 Wackestone/Packstone -3.64 -7.28 
HV-U18-364.5 364.5 Wackestone/Packstone -2.19 -7.37 
HV-U18-363.0 363 Wackestone/Packstone -3.30 -7.26 
HV-U18-361.5 361.5 Wackestone/Packstone -2.80 -7.50 
HV-U18-360.0 360 Wackestone/Packstone -2.97 -7.38 
HV-U18-358.5 358.5 Calcisiltite -1.78 -7.54 
HV-U18-357.0 357 Calcisiltite -1.62 -7.81 
HV-U18-355.5 355.5 Wackestone/Packstone -2.11 -8.14 
HV-U18-354.0 354 Calcisiltite -1.31 -7.75 
HV-U18-352.5 352.5 Calcisiltite -1.19 -7.82 
HV-U18-351.0 351 Calcisiltite -1.41 -8.07 
HV-U18-349.5 349.5 Wackestone/Packstone -1.00 -8.55 
HV-U18-348.0 348 Calcisiltite -1.63 -8.26 
HV-U18-346.5 346.5 Calcisiltite -1.32 -8.23 
HV-U18-345.0 345 Calcisiltite -1.12 -8.14 
HV-U18-343.5 343.5 Calcisiltite -1.33 -8.30 
HV-U18-342.0 342 Calcisiltite -1.34 -8.40 
HV-U18-340.5 340.5 Wackestone/Packstone -1.22 -8.81 
HV-U17-339.0 339 Calcisiltite -1.14 -8.64 
HV-U17-337.5 337.5 Calcisiltite -1.04 -8.61 
HV-U17-336.0 336 Wackestone/Packstone -1.60 -9.40 
HV-U17-334.5 334.5 Calcisiltite -1.24 -8.81 
HV-U17-333.0 333 Wackestone/Packstone -1.07 -8.71 
HV-U17-331.5 331.5 Wackestone/Packstone -0.91 -8.70 
HV-U17-330.0 330 Wackestone/Packstone -1.19 -8.98 
HV-U17-328.5 328.5 Wackestone/Packstone -1.04 -8.62 
HV-U17-327.0 327 Calcisiltite -1.27 -8.70 
HV-U17-325.5 325.5 Wackestone/Packstone -1.15 -8.92 
HV-U17-324.0 324 Wackestone/Packstone -1.27 -8.74 
HV-U17-322.5 322.5 Wackestone/Packstone -1.42 -8.83 
Covered 319.5 N/A N/A N/A 
HV-U17-318.0 318 Wackestone/Packstone -1.06 -8.23 
HV-U17-316.5 316.5 Wackestone/Packstone -1.37 -8.84 
Covered 315 N/A N/A N/A 
HV-U17-313.5 313.5 Wackestone/Packstone -1.47 -8.58 
HV-U17-312.0 312 Wackestone/Packstone -1.40 -9.07 
HV-U17-310.5 310.5 Wackestone/Packstone -1.73 -9.26 
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Sample Stratigraphic position (m) Lithofacies δ13C (PDB) δ18O (PDB) 
HV-U17-309.0 309 Calcisiltite -1.49 -9.17 
HV-U17-307.5 307.5 Wackestone/Packstone -0.97 -8.97 
HV-U17-306.0 306 Wackestone/Packstone -1.10 -8.95 
HV-U17-304.5 304.5 Floatstone/Rudstone -1.23 -8.55 
HV-U17-303.0 303 Floatstone/Rudstone -1.16 -9.64 
HV-U17-301.5 301.5 Wackestone/Packstone -1.27 -8.82 
HV-U17-300.0 300 Calcisiltite -1.17 -9.13 
HV-U17-298.5 298.5 Calcisiltite -1.74 -9.63 
HV-U17-297.0 297 Wackestone/Packstone -1.29 -9.47 
HV-U17-295.5 295.5 Calcisiltite -0.93 -9.27 
HV-U17-294.0 294 Floatstone/Rudstone -1.08 -9.13 
HV-U17-292.5 292.5 Calcisiltite -1.02 -9.05 
HV-U17-291.0 291 Wackestone/Packstone -1.10 -9.06 
HV-U17-289.5 289.5 Floatstone/Rudstone -1.22 -9.59 
HV-U17-288.0 288 Calcisiltite -1.74 -9.22 
HV-U17-286.5 286.5 Wackestone/Packstone -0.95 -9.06 
HV-U17-285.0 285 Wackestone/Packstone -1.29 -9.45 
HV-U17-283.5 283.5 Calcisiltite -1.24 -9.10 
HV-U17-282.0 282 Floatstone/Rudstone -1.37 -9.04 
HV-U17-280.5 280.5 Wackestone/Packstone -1.22 -8.99 
HV-U17-279.0 279 Wackestone/Packstone -1.32 -9.50 
HV-U17-277.5 277.5 Wackestone/Packstone -1.26 -9.56 
HV-U17-276.0 276 Floatstone/Rudstone -1.22 -9.73 
HV-U17-274.5 274.5 Wackestone/Packstone -1.39 -9.23 
HV-U17-273.0 273 Floatstone/Rudstone -1.26 -8.48 
HV-U17-271.5 271.5 Floatstone/Rudstone -1.48 -9.38 
HV-U17-270.0 270 Wackestone/Packstone -1.08 -8.93 
HV-U17-268.5 268.5 Floatstone/Rudstone -1.17 -9.63 
HV-U17-267.0 267 Wackestone/Packstone -1.42 -9.21 
HV-U17-265.5 265.5 Lime mudstone -1.08 -9.13 
HV-U17-264.0 264 Floatstone/Rudstone -1.13 -9.02 
HV-U17-262.5 262.5 Floatstone/Rudstone -2.11 -9.69 
HV-U17-261.0 261 Calcisiltite -1.22 -9.09 
HV-U17-259.5 259.5 Wackestone/Packstone -1.42 -9.50 
HV-U17-258.0 258 Calcisiltite -1.63 -9.79 
HV-U17-256.5 256.5 Wackestone/Packstone -1.39 -9.53 
HV-U17-255.0 255 Wackestone/Packstone -1.54 -9.47 
HV-U17-253.5 253.5 Floatstone/Rudstone -1.61 -9.77 
HV-U17-252.0 252 Wackestone/Packstone -1.39 -9.79 
HV-U17-250.5 250.5 Wackestone/Packstone -1.53 -9.94 
HV-U17-249.0 249 Floatstone/Rudstone -1.88 -9.52 
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Sample Stratigraphic position (m) Lithofacies δ13C (PDB) δ18O (PDB) 
HV-U17-247.5 247.5 Wackestone/Packstone -1.59 -9.34 
V-U17-246.0 246 Floatstone/Rudstone -2.55 -12.18 
HV-U17-244.5 244.5 Wackestone/Packstone -1.92 -10.36 
HV-U17-243.0 243 Floatstone/Rudstone -1.82 -9.89 
HV-U17-241.5 241.5 Lime mudstone -1.02 -9.06 
HV-U17-240.0 240 Floatstone/Rudstone -1.94 -9.93 
HV-U17-238.5 238.5 Floatstone/Rudstone -1.57 -9.57 
HV-U17-237.0 237 Floatstone/Rudstone -1.71 -9.73 
HV-U17-235.5 235.5 Wackestone/Packstone -1.52 -9.98 
HV-U17-234.0 234 Calcisiltite -1.92 -9.62 
HV-U17-232.5 232.5 Calcisiltite -2.02 -10.36 
HV-U16-231.0 231 Floatstone/Rudstone -1.80 -9.95 
HV-U17-229.5 229.5 Wackestone/Packstone -1.75 -9.41 
HV-U17-228.5 228 Floatstone/Rudstone -1.67 -9.53 
HV-U16-226.5 226.5 Wackestone/Packstone -1.31 -9.45 
Covered 225 N/A N/A N/A 
Covered 223.5 N/A N/A N/A 
Covered 222 N/A N/A N/A 
Covered 220.5 N/A N/A N/A 
Covered 219 N/A N/A N/A 
Covered 217.5 N/A N/A N/A 
HV-U16-216.0 216 Floatstone/Rudstone -1.59 -10.27 
HV-U16-214.5 214.5 Floatstone/Rudstone -1.68 -9.96 
HV-U16-213.0 213 Floatstone/Rudstone -1.47 -10.64 
HV-U16-211.5 211.5 Floatstone/Rudstone -1.50 -10.11 
Covered 210 N/A 15.00 0.00 
HV-U16-208.5 208.5 Wackestone/Packstone -1.51 -10.04 
Covered 207 N/A N/A N/A 
Covered 205.5 N/A N/A N/A 
HV-U16-204.0 204 Lime mudstone -1.42 -10.79 
HV-U16-202.5 202.5 Floatstone/Rudstone -1.36 -10.20 
HV-U16-201.0 201 Calcisiltite -1.55 -10.00 
HV-U16-199.5 199.5 Lime mudstone -1.25 -9.73 
Covered 198 N/A N/A N/A 
Covered 196.5 N/A N/A N/A 
HV-U16-195.0 195 Floatstone/Rudstone -1.46 -9.45 
HV-U16-193.5 193.5 Calcisiltite -1.15 -9.46 
HV-U16-192.0 192 Calcisiltite -1.19 -9.47 
Covered 190.5 N/A N/A N/A 
HV0U16-189.0 189 Floatstone/Rudstone -1.22 -9.90 
HV-U16-187.5 187.5 Calcisiltite -1.36 -9.71 
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Sample Stratigraphic position (m) Lithofacies δ13C (PDB) δ18O (PDB) 
HV-U16-186.5 186.5 Floatstone/Rudstone -1.03 -15.21 
HV-U16-184.5 184.5 Calcisiltite -1.14 -9.29 
HV-U16-183.0 183 Lime mudstone -1.32 -10.00 
HV-U16-181.5 181.5 Calcisiltite -1.47 -9.58 
HV-U16-180.0 180 Floatstone/Rudstone -1.73 -10.11 
HV-U15-178.5 178.5 Calcisiltite -1.60 -9.98 
HV-U15-177.0 177 Lime mudstone -1.25 -10.04 
HV-U15-175.5 175 Lime mudstone -1.58 -9.71 
HV-U15-174.0 174 Floatstone/Rudstone -3.98 -11.65 
HV-U15-172.5 172.5 Floatstone/Rudstone -1.85 -9.31 
HV-U15-171.0 171 Lime mudstone -1.34 -9.73 
HV-U14-169.0 169.5 Floatstone/Rudstone -1.78 -9.77 
HV-U14-168.0 168 Floatstone/Rudstone -1.75 -9.48 
HV-U14-166.5 166.5 Calcisiltite -2.17 -10.31 
HV-U14-165.0 165 Floatstone/Rudstone -1.79 -9.95 
HV-U14-163.0 163.5 Calcisiltite -1.86 -10.40 
HV-U14-162.0 162.4 Floatstone/Rudstone -2.22 -10.76 
HV-U14-160.5 160.5 Floatstone/Rudstone -1.49 -9.77 
HV-U14-159.0 159 Calcisiltite -1.91 -11.07 
HV-U14-157.5 157.5 Calcisiltite -1.99 -9.81 
HV-U14-156.0 156 Calcisiltite -1.89 -9.79 
HV-U14-154.5 154.5 Lime mudstone -1.71 -9.69 
HV-U14-153.0 153 Floatstone/Rudstone -1.66 -9.69 
HV-U14-151.5 151.5 Calcisiltite -1.66 -9.79 
HV-U14-150.0 150 Floatstone/Rudstone -1.71 -12.19 
HV-U14-148.5 148.5 Floatstone/Rudstone -2.30 -10.58 
HV-U14-147.0 147 Calcisiltite -2.07 -9.92 
HV-U14-145.5 145.5 Calcisiltite -1.73 -10.05 
HV-U14-144.0 144 Lime mudstone -1.52 -9.71 
HV-U14-142.5 142.5 Floatstone/Rudstone -1.53 -9.66 
HV-U14-141.0 141 Floatstone/Rudstone -1.91 -10.43 
HV-U14-139.5 139.5 Wackestone/Packstone -1.89 -10.07 
HV-U14-138.0 138 Calcisiltite -1.82 -9.73 
HV-U14-136.5 136.5 Floatstone/Rudstone -1.42 -10.36 
HV-U14-135.0 135 Floatstone/Rudstone -1.48 -9.78 
HV-U14-133.5 133.5 Floatstone/Rudstone -1.78 -10.49 
HV-U14-132.0 132 Floatstone/Rudstone -1.48 -9.97 
HV-U14-130.5 130 Calcisiltite -0.84 -10.78 
HV-U14-129.0 129 Wackestone/Packstone -0.71 -9.90 
HV-U14-127.5 127.5 Floatstone/Rudstone -0.84 -9.53 
HV-U14-126.0 126 Floatstone/Rudstone -0.72 -9.57 
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Sample Stratigraphic position (m) Lithofacies δ13C (PDB) δ18O (PDB) 
HV-U14-124.5 124.5 Floatstone/Rudstone -1.23 -10.85 
HV-U14-123.0 123 Wackestone/Packstone -1.75 -10.14 
HV-U14-121.5 121.5 Wackestone/Packstone -1.05 -8.99 
HV-U13-120.0 120.5 Floatstone/Rudstone -1.18 -9.30 
HV-U13-118.5 118.5 Wackestone/Packstone -1.02 -8.91 
HV-U13-117.0 117 Floatstone/Rudstone -1.09 -9.74 
HV-U13-115.5 115.5 Wackestone/Packstone -0.80 -9.97 
HV-U13-114.0 114 Wackestone/Packstone -0.66 -9.78 
HV-U13-112.5 112.5 Wackestone/Packstone -0.61 -11.00 
HV-U13-111.0 111 Wackestone/Packstone -0.82 -10.09 
HV-U13-109.5 109.5 Floatstone/Rudstone -1.04 -10.07 
HV-U13-108.0 108 Floatstone/Rudstone -0.79 -9.63 
HV-U13-106.5 106.5 Floatstone/Rudstone -0.91 -9.80 
HV-U13-105.0 105 Lime mudstone -0.83 -9.73 
HV-U13-103.5 103.5 Lime mudstone -0.67 -10.09 
HV-U13-102.5 102 Floatstone/Rudstone -1.95 -10.73 
HV-U13-100.5 100.5 Lime mudstone -0.96 -10.39 
HV-U13-99.0 99 Floatstone/Rudstone -0.94 -10.03 
HV-U13-98.5 98.5 Calcisiltite 15.00 0.00 
HV-U13-97.5 97.5 Lime mudstone -0.63 -9.64 
HV-U13-96.0 96 Calcisiltite -0.77 -9.66 
HV-U13-94.5 94.5 Lime mudstone -0.66 -9.87 
HV-U13-93.0 93 Lime mudstone -0.72 -9.71 
HV-U13-91.5 91.5 Dolostone -0.76 -8.61 
HV-U12-90.0 90 Dolostone -0.59 -8.93 
HV-U12-88.5 88.5 Lime mudstone -0.43 -10.98 
HV-U11-87.0 87 Dolostone -0.31 -9.22 
Covered 85.5 N/A N/A N/A 
HV-U11-83.6 83.6 Dolostone -0.71 -8.55 
HV-U11-82.0 82.5 Dolostone -0.69 -8.03 
HV-U11-81.0 81 Dolostone -0.83 -9.07 
HV-U10-79.5 79.5 Floatstone/Rudstone -0.97 -10.13 
HV-U10-78.0 78 Lime mudstone -0.74 -9.77 
HV-U10-76.5 76.5 Wackestone/Packstone -0.68 -9.56 
HV-U10-75.0 75 Lime mudstone -0.56 -10.05 
HV-U10-73.5 73.5 Lime mudstone -0.89 -9.89 
HV-U10-72.0 72 Calcisiltite -0.66 -9.69 
HV-U10-70.5 70.5 Wackestone/Packstone -0.71 -9.85 
HV-U10-69.0 69 Lime mudstone -0.73 -9.94 
HV-U10-67.5 67.5 Calcisiltite -0.96 -10.16 
HV-U10-66.0 66 Lime mudstone -0.94 -10.13 
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Sample Stratigraphic position (m) Lithofacies δ13C (PDB) δ18O (PDB) 
HV-U10-64.5 64.5 Calcisiltite -0.97 -10.07 
HV-U10-63.0 63 Calcisiltite -0.93 -9.91 
HV-U10-61.5 61.5 Calcisiltite -0.92 -10.18 
HV-U10-60.0 60 Calcisiltite -1.01 -10.76 
HV-U10-58.5 58.5 Calcisiltite -0.89 -9.95 
HV-U10-57.0 57 Wackestone/Packstone -0.70 -10.21 
HV-U10-55.5 55.5 Calcisiltite -0.72 -9.93 
HV-U10-54.0 54 Lime mudstone -0.63 -9.98 
HV-U10-52.5 52.5 Wackestone/Packstone -0.88 -10.31 
HV-U10-51.0 51 Lime mudstone -0.77 -10.04 
HV-U09-49.5 49.5 Calcisiltite -0.45 -10.13 
HV-U09-48.0 48 Lime mudstone -0.12 -10.46 
HV-U09-46.5 46.5 Calcisiltite -0.44 -10.12 
HV-U09-45.0 45 Floatstone/Rudstone -0.47 -8.92 
HV-U09-43.5 43.5 Calcisiltite -0.67 -10.26 
HV-U09-42.0 42 Wackestone/Packstone -0.19 -10.50 
HV-U09-40.5 40.5 Lime mudstone -0.01 -9.28 
HV-U08-39.0 39 Lime mudstone 0.22 -10.78 
HV-U08-37.5 37.5 Wackestone/Packstone 0.10 -10.59 
HV-U08-36.0 36 Wackestone/Packstone 1.17 -9.92 
HV-U08-34.5 34.5 Floatstone/Rudstone 0.17 -9.85 
HV-U08-33.0 33 Wackestone/Packstone 0.08 -10.30 
HV-U08-31.5 31.5 Calcisiltite 0.07 -10.56 
HV-U07-30.0 30 Calcisiltite -0.04 -10.45 
HV-U07-28.5 28.5 Lime mudstone -0.34 -10.30 
HV-U07-27.0 27 Floatstone/Rudstone -0.87 -10.11 
HV-U07-25.5 25.5 Floatstone/Rudstone -0.75 -10.21 
HV-U07-24.0 24 Calcisiltite -1.46 -10.54 
HV-U07-22.5 22.5 Calcisiltite -1.03 -10.43 
HV-U06-20.0 20 Floatstone/Rudstone -0.65 -9.86 
HV-U06-19.5 19.5 Floatstone/Rudstone -0.70 -10.15 
HV-U06-17.0 17 Floatstone/Rudstone -1.29 -9.82 
HV-U06-16.5 16.5 Floatstone/Rudstone -0.88 -10.50 
HV-U06-14.0 14 Lime mudstone 0.03 -10.50 
HV-U04-13.5 13.5 Lime mudstone -0.68 -10.38 
HV-U04-12.0 12 Calcisiltite -0.97 -10.53 
HV-U03-10.5 10.5 Lime mudstone -0.88 -12.10 
HV-U03-9.0 9 Lime mudstone -0.91 -10.58 
HV-U02-7.5 7.5 Calcisiltite -0.71 -10.46 
HV-U02-6.0 6 Floatstone/Rudstone -0.85 -10.16 
HV-U01-4.5 4.5 Calcisiltite -1.11 -10.89 
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Sample Stratigraphic position (m) Lithofacies δ13C (PDB) δ18O (PDB) 
HV-U01-3.0 3 Dolostone -0.74 -8.80 
HV-U01-1.5 1.5 Dolostone -0.92 -6.60 
HV-U01-0.0 0 Dolostone -0.63 -7.80 
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Appendix C2. Garden City Formation, Green Canyon Section δ13C, and δ18O Stable 




















32.5 403.6 394.1 
Wackestone/Packston
e -1.26 -11.71 
GC-U25-
30.0 401.1 391.6 Calcisiltite -1.68 -8.46 
GC-U25-
27.0 398.1 388.6 Calcisiltite -1.97 -7.97 
GC-U25-
24.0 395.1 385.6 Calcisiltite -1.15 -9.05 
GC-U25-
21.0 392.1 382.6 
Wackestone/Packston
e -1.90 -9.39 
GC-U25-
18.0 389.1 379.6 Calcisiltite -1.36 -8.33 
GC-U25-
15.0 386.1 376.6 Calcisiltite -0.62 -7.65 
GC-U25-
12.0 383.1 373.6 Calcisiltite -0.91 -8.02 
GC-U25-9.0 380.1 370.6 Calcisiltite -0.62 -8.08 
GC-U25-6.0 377.1 367.6 Calcisiltite -0.52 -8.21 
GC-U25-3.0 374.1 364.6 Calcisiltite -0.97 -8.73 
GC-U24-
51.0 371.1 361.6 
Wackestone/Packston
e -0.85 -8.85 
GC-U24-
48.0 368.1 358.6 
Wackestone/Packston
e -1.12 -8.63 
GC-U24-
45.0 365.1 355.6 
Wackestone/Packston
e -0.96 -8.38 
GC-U24-
42.0 362.1 352.6 
Wackestone/Packston
e -1.24 -8.19 
GC-U24-
39.0 359.1 349.6 
Wackestone/Packston
e -1.83 -8.24 
GC-U24-
36.0 356.1 346.6 Calcisiltite -1.51 -8.00 
GC-U24-
28.5 348.1 338.6 
Wackestone/Packston
e -0.37 -9.35 
GC-U24-
24.0 344.1 334.6 
Wackestone/Packston
e -2.19 -8.08 
GC-U24-
21.0 341.1 331.6 
Wackestone/Packston
e -1.75 -7.65 
GC-U24-
12.0 332.1 322.6 Calcisiltite -1.27 -8.52 
GC-U24-9.0 329.1 319.6 Calcisiltite -1.45 -9.36 
GC-U24-6.0 326.1 316.6 Calcisiltite -1.08 -8.28 
GC-U24-3.0 323.1 313.6 Calcisiltite -1.15 -8.40 
GC-U24-0.0 320.1 310.6 Calcisiltite -0.72 -9.74 




















27.0 291.8 282.3 Calcisiltite -0.74 -9.13 
GC-U23-
24.0 288.8 279.3 Floatstone/Rudstone -0.54 -9.10 
GC-U23-
21.0 285.8 276.3 
Wackestone/Packston
e -0.82 -8.92 
GC-U23-
18.0 282.8 273.3 
Wackestone/Packston
e -1.09 -9.93 
GC-U23-
15.0 279.8 270.3 Calcisiltite -1.09 -8.80 
GC-U23-
12.0 276.8 267.3 Calcisiltite -0.69 -8.65 
GC-U23-9.0 273.8 264.3 Floatstone/Rudstone -0.91 -8.63 
GC-U23-6.0 270.8 261.3 Floatstone/Rudstone -0.83 -8.72 
GC-U23-3.0 267.8 258.3 Wackestone/Packstone -0.67 -9.03 
GC-U23-0.0 264.8 255.3 Floatstone/Rudstone -1.30 -8.60 
GC-U22-
12.0 261.8 252.3 Floatstone/Rudstone -1.29 -8.34 
GC-U22-9.0 258.8 249.3 Calcisiltite -1.12 -8.36 
GC-U22-6.0 255.8 246.3 Wackestone/Packstone -1.28 -8.17 
GC-U22-3.0 252.8 243.3 Floatstone/Rudstone -1.18 -8.06 
GC-U22-0.0 249.8 240.3 Calcisiltite -1.48 -8.17 
GC-U21-9.0 249.2 239.7 Floatstone/Rudstone -1.38 -8.14 
GC-U21-6.0 246.2 236.7 Wackestone/Packstone -1.15 -8.09 
GC-U21-3.0-
D 243.2 233.7 
Wackestone/Packston
e -1.34 -8.13 
GC-U20-2.4 240.2 230.7 Floatstone/Rudstone -1.59 -8.16 
GC-U20-0.0 237.8 228.3 Floatstone/Rudstone -1.56 -8.46 
GC-U19-4.5 237 227.5 Wackestone/Packstone -1.32 -8.17 
GC-U19-0.0 232.5 223 Calcisiltite -0.98 -8.38 
GC-U18-
15.0 230.4 220.9 Calcisiltite -1.35 -8.43 
GC-U18-
12.0 227.4 217.9 Calcisiltite -1.31 -8.24 
GC-U18-9.0 224.4 214.9 Calcisiltite -1.37 -8.37 
GC-U18-6.0 221.4 211.9 Calcisiltite -1.90 -8.39 
GC-U18-3.0 218.4 208.9 Wackestone/Packstone -1.02 -8.31 
GC-U17-0.7 215.1 205.6 Lime mudstone -1.26 -8.21 



















GC-U16-7.7 206.9 197.4 Lime mudstone -1.31 -8.42 
GC-U16-6.6 205.8 196.3 Floatstone/Rudstone -2.01 -8.54 
GC-U16-3.0 202.2 192.7 Lime mudstone -1.66 -8.26 
GC-U15-
86.65 199.2 189.7 Floatstone/Rudstone -1.54 -8.71 
GC-U15-
83.65 196.2 186.7 Floatstone/Rudstone -1.81 -8.67 
GC-U15-
81.0 193.5 184 Calcisiltite -1.64 -8.70 
GC-U15-
78.0A 190.5 181 Lime mudstone -1.49 -8.67 
GC-U15-
75.0 187.5 178 Calcisiltite -1.62 -8.70 
GC-U15-
72.0 184.5 175 Lime mudstone -1.35 -9.17 
GC-U15-
69.0 181.5 172 Floatstone/Rudstone -2.17 -9.77 
GC-U15-
63.0A 175.5 166 Floatstone/Rudstone -1.24 -9.01 
GC-U15-
60.0 172.5 163 Lime mudstone -2.16 -10.07 
GC-U15-
54.0 166.5 157 Floatstone/Rudstone -1.41 -8.79 
GC-U15-
51.0 163.5 154 Calcisiltite -1.94 -9.46 
GC-U15-
48.0A 160.5 151 Floatstone/Rudstone -1.81 -9.05 
GC-U15-
45.0 157.7 148.2 Floatstone/Rudstone -1.88 -9.23 
GC-U15-
42.0A 154.5 145 Floatstone/Rudstone -1.78 -8.87 
GC-U15-
39.0 151.5 142 Calcisiltite -1.67 -10.21 
GC-U15-
36.0 148.5 139 
Wackestone/Packston
e -1.64 -9.05 
GC-U15-
33.0 145.5 136 Calcisiltite -1.79 -9.28 
GC-U15-
30.0 142.5 133 Floatstone/Rudstone -1.76 -9.20 
GC-U15-
27.0 139.5 130 Floatstone/Rudstone -1.91 -8.90 
GC-U15-
21.0 133.5 124 Calcisiltite -1.74 -9.11 
GC-U15-




















15.0 127.5 118 Floatstone/Rudstone -1.83 -9.27 
GC-U15-
12.0 124.5 115 Calcisiltite -1.87 -9.01 
GC-U15-9.0 121.5 112 Floatstone/Rudstone -1.74 -9.30 
GC-U15-6.0 118.5 109 Floatstone/Rudstone -1.47 -8.71 
GC-U15-4.5 117 107.5 Calcisiltite -1.56 -9.54 
GC-U15-3.0 115.5 106 Wackestone/Packstone -1.63 -9.10 
GC-U15-0.0 112.5 103 Floatstone/Rudstone -1.66 -9.87 
GC-U14-3.0 109.7 100.2 Calcisiltite -0.62 -8.94 
GC-U13-0.4 106 96.5 Wackestone/Packstone -1.01 -8.61 
GC-U12-3.0 104.1 94.6 Lime mudstone -1.22 -8.70 
GC-U12-
0.0A 101.1 91.6 Lime mudstone -0.63 -8.65 
GC-U11-3.0 98.8 89.3 Wackestone/Packstone -0.70 -9.00 
GC-U11-
0.0A 95.8 86.3 Floatstone/Rudstone -0.41 -8.46 
GC-U10-
13.5 95.4 85.9 Lime mudstone -0.86 -9.47 
GC-U10-
12.0 93.9 84.4 Lime mudstone -0.56 -8.88 
GC-U10-9.0 90.9 81.4 Floatstone/Rudstone -0.67 -9.58 
GC-U10-7.5 89.4 79.9 Lime mudstone -0.68 -9.23 
GC-U10-3.0 84.9 75.4 Lime mudstone -0.41 -9.94 
GC-U10-1.0 82.9 73.4 Lime mudstone -0.68 -11.14 
GC-U9-
12.0A 80 70.5 Floatstone/Rudstone -1.35 -9.26 
GC-U9-9.0 77 67.5 Calcisiltite -0.89 -9.32 
GC-U9-6.0 74 64.5 Floatstone/Rudstone -0.83 -9.48 
GC-U9-3.0 71 61.5 Calcisiltite -0.78 -9.56 
GC-U8-3.0 67.8 58.3 Lime mudstone -0.63 -10.14 
GC-U7-3.0 64.8 55.3 Floatstone/Rudstone -0.50 -10.67 
ISO-GC-U7-
2.0 63.8 54.3 Calcisiltite 0.05 -10.25 
ISO-GC-U7-
1.0 62.8 53.3 Calcisiltite -0.30 -13.77 
GC-U6-5.1 61.8 52.3 Wackestone/Packstone -0.46 -8.76 
ISO-GC-U6-




















4.0 60.7 51.2 Floatstone/Rudstone 0.29 -13.22 
GC-U6-3.15 59.9 50.4 Lime mudstone 0.56 -9.76 
ISO-GC-U6-
1.0 57.7 48.2 Floatstone/Rudstone 0.00 -9.85 
GC-U5-6.0 56.7 47.2 Wackestone/Packstone 0.16 -8.70 
GC-U5-3.0 53.7 44.2 Calcisiltite -0.21 -9.28 
GC-U4-9.0 50.4 40.9 Calcisiltite -0.97 -9.56 
GC-U4-6.0A 47.4 37.9 Floatstone/Rudstone -0.66 -9.08 
GC-U4-3.0 43.7 34.2 Floatstone/Rudstone N/A N/A 
GC-U3-3.0B 40.7 31.2 Floatstone/Rudstone -1.06 -9.72 
GC-U3-0.0 37.9 28.4 Calcisiltite -0.90 -9.51 
GC-U2-1.7A 37.8 28.3 Floatstone/Rudstone -0.79 -9.91 
GC-U2-1.1 37.1 27.6 Calcisiltite -1.34 -9.76 
ISO-GC-U1-
14.0 36 26.5 Lime mudstone -0.27 -9.06 
ISO-GC-U1-
13.0 35 25.5 Lime mudstone -0.32 -8.94 
GC-U1-12.0 34 24.5 Lime mudstone -0.52 -9.76 
ISO-GC-U1-
11.0-D 33 23.5 Calcisiltite -1.54 -8.93 
ISO-GC-U1-
10.0 32 22.5 Floatstone/Rudstone -1.20 -8.40 
GC-U1-9.0 31 21.5 Calcisiltite -1.22 -9.51 
ISO-GC-U1-
8.0 30 20.5 Lime mudstone -1.10 -9.54 
ISO-GC U1- 
7.0 29 19.5 Lime mudstone -0.60 -9.07 
GC-U1-6.0 28 18.5 Lime mudstone -0.82 -9.80 
GC-U1-3.0B 25 15.5 Lime mudstone -1.04 -10.20 
GC-U1-0.0 22.1 12.6 Calcisiltite -0.94 -12.58 
GC-U0-10.0 22 12.5 Dolostone -0.21 -10.30 
GC-U0-9.0 21 11.5 Dolostone -0.44 -10.57 
GC-U0-8.0 20 10.5 Dolostone -0.15 -10.43 
GC-U0-7.0 19 9.5 Calcisiltite -0.94 -14.08 
GC-U0-6.0 18 8.5 Dolostone -0.48 -10.66 
GC-U0-5.0 17 7.5 Floatstone/Rudstone -0.25 -10.66 
GC-U0-4.0 16 6.5 Dolostone -0.33 -10.25 
GC-U0-3.0 15 5.5 Dolostone 0.21 -10.62 
GC-U0-2.0 14 4.5 Dolostone 0.26 -10.89 



















GC-U0-0.0 12 2.5 Dolostone 0.16 -9.84 
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  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U19-
434.4 434.4 0.00 9.66 61.57 6.71 11.18 4702.87 940.35 50 141 64 22 178 14.58 
HV-U19-
433.5 433.5 0.70 9.00 61.23 6.64 10.46 4413.10 880.60 46 129 74 21 179 11.85 
HV-U19-
432.0 432 0.00 9.34 68.81 6.19 7.35 4035.64 1199.33 51 118 72 21 180 16.73 
HV-U19-
429.0 429 17.23 0.37 4.38 0.28 32.39 396.45 742.65 0 4 55 5 9 13.61 
HV-U19-
427.5 427.5 18.69 0.75 8.10 0.71 28.05 699.87 779.96 2 15 43 4 36 18.09 
HV-U19-
426.0 426 16.80 1.19 10.95 0.98 28.40 807.31 719.49 5 18 47 7 24 15.28 
HV-U19-
424.5 424.5 16.10 0.97 11.21 1.00 29.32 939.82 824.52 3 22 54 6 26 15.41 
HV-U19-
423.0 423 16.97 0.29 5.45 0.34 32.22 425.70 564.27 0 3 46 0 9 12.21 
HV-U19-
421.5 421.5 16.94 0.45 5.38 0.39 31.62 391.71 685.77 1 4 30 4 8 23.08 
HV-U19-
420.0 420 17.44 0.40 7.14 0.33 30.68 344.28 588.31 1 5 31 2 6 18.73 
HV-U19-
418.5 418.5 17.74 0.52 6.30 0.50 30.60 374.98 746.79 1 2 44 3 11 16.85 
HV-U19-
417.0 417 17.00 0.50 10.06 0.55 29.49 377.69 594.50 1 6 58 1 11 10.28 
HV-U19-
415.5 415.5 16.15 0.27 6.53 0.25 32.40 313.95 814.93 0 2 44 3 4 18.63 
HV-U19-
414.0 414 16.52 0.34 4.64 0.32 33.15 277.02 595.00 0 4 53 0 7 11.29 




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U19-
411.0 411 14.51 2.11 23.63 2.16 22.63 1130.93 649.12 9 36 53 3 58 12.15 
HV-U19-
409.5 409.5 15.74 1.04 9.45 1.00 30.62 848.67 757.36 4 11 36 2 10 20.91 
HV-U19-
408.0 408 17.90 0.65 5.63 0.62 30.80 428.74 524.86 2 7 88 1 11 5.96 
HV-U19-
406.5 406.5 16.76 0.98 7.45 0.95 30.71 630.75 542.02 4 23 64 4 14 8.46 
HV-U19-
405.0 405 17.71 0.97 8.88 0.94 28.59 774.35 591.80 4 11 42 4 11 14.22 
HV-U19-
403.5 403.5 15.51 0.71 6.40 0.69 31.56 608.38 1409.46 2 10 33 4 15 42.13 
HV-U19-
402.0 402 14.25 1.39 12.34 1.23 30.40 882.46 563.24 6 23 86 3 21 6.56 
HV-U19-
400.5 400.5 16.57 0.83 7.83 0.55 30.94 549.47 796.20 3 10 76 5 11 10.53 
HV-U19-
399.0 399 14.61 0.92 6.10 0.58 33.49 569.13 920.63 4 2 51 4 6 17.95 
HV-U18-
397.5 397.5 1.45 1.07 15.88 0.72 43.89 549.50 165.41 4 17 145 2 20 1.14 
HV-U18-
396.0 396 0.48 0.31 5.22 0.31 51.94 222.60 121.49 1 6 224 4 6 0.54 
HV-U18-
394.5 394.5 1.13 0.66 8.45 0.58 48.92 466.82 74.08 3 4 210 3 12 0.35 
Covered 393 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
HV-U18-
391.5 391.5 0.76 0.23 3.81 0.13 52.58 173.87 66.30 1 0 275 0 2 0.24 
HV-U18-




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U18-
388.5 388.5 0.91 0.27 4.31 0.15 52.03 272.15 74.12 1 4 304 2 1 0.24 
HV-U18-
387.0 387 1.47 0.27 4.43 0.14 51.36 219.39 74.02 1 1 304 0 3 0.24 
HV-U18-
385.5 385.5 0.16 0.38 9.67 0.24 49.86 283.36 38.51 1 2 240 2 4 0.16 
HV-U18-
384.0 384 0.97 0.42 5.18 0.32 51.35 331.89 54.90 2 4 232 0 6 0.24 
HV-U18-
382.5 382.5 0.71 0.47 4.99 0.46 51.66 358.58 67.64 2 9 234 1 1 0.29 
HV-U18-
381.0 381 0.71 0.25 6.60 0.16 51.01 182.23 52.46 1 0 241 2 2 0.22 
HV-U18-
379.5 379.5 1.22 0.35 5.89 0.20 50.69 317.48 44.20 1 3 210 2 3 0.21 
HV-U18-
378.0 378 0.38 0.31 6.65 0.20 51.29 195.87 12.88 1 3 196 0 0 0.07 
HV-U18-
376.5 376.5 0.56 0.76 7.14 0.70 50.28 592.20 121.16 4 13 202 4 6 0.60 
HV-U18-
375.0 375 1.43 0.67 6.20 0.61 49.89 417.12 75.78 3 12 239 4 1 0.32 
HV-U18-
373.5 373.5 2.24 0.32 5.65 0.21 49.56 296.66 106.70 1 1 225 0 2 0.47 
HV-U18-
372.0 372 1.02 0.39 4.32 0.22 51.76 294.20 125.33 2 2 222 0 2 0.56 
HV-U18-
370.5 370.5 1.43 0.93 7.97 0.85 48.57 704.11 89.30 4 18 209 2 11 0.43 
HV-U18-
369.0 369 1.17 0.87 6.60 0.93 49.70 629.94 84.39 4 15 291 4 9 0.29 
HV-U18-




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U19-
366.0 366 0.05 0.35 12.78 0.15 48.28 134.42 21.86 1 3 200 0 7 0.11 
HV-U18-
364.5 364.5 0.73 0.24 3.45 0.07 52.81 149.48 25.02 1 0 377 1 1 0.07 
HV-U18-
363.0 363 0.80 0.38 4.09 0.26 52.14 216.84 58.26 2 1 260 1 4 0.22 
HV-U18-
361.5 361.5 0.00 0.29 17.37 0.12 45.84 114.96 0.00 0 4 264 0 4 3.64 
HV-U18-
360.0 360 1.37 0.50 8.22 0.27 49.13 311.92 11.00 2 9 308 0 4 0.04 
HV-U18-
358.5 358.5 1.29 0.35 3.47 0.28 51.93 241.85 61.88 2 2 371 0 6 0.17 
HV-U18-
357.0 357 2.12 1.16 8.92 0.86 47.06 587.77 88.01 6 20 280 5 9 0.31 
HV-U18-
355.5 355.5 0.81 0.39 7.71 0.35 50.10 276.42 2.50 1 5 272 1 3 0.01 
HV-U18-
354.0 354 1.31 0.99 8.33 1.08 48.43 774.14 66.02 5 13 210 3 9 0.31 
HV-U18-
352.5 352.5 1.60 0.49 4.94 0.43 50.60 405.67 23.81 2 4 239 0 4 0.10 
HV-U18-
351.0 351 0.57 0.45 9.31 0.43 49.40 271.49 0.00 1 4 236 0 5 0.00 
HV-U18-
349.5 349.5 1.90 1.60 11.92 1.06 45.07 1013.95 65.17 8 19 185 2 10 0.35 
HV-U18-
348.0 348 1.42 0.31 4.60 0.24 51.23 235.33 87.47 1 4 327 5 7 0.27 
HV-U18-
346.5 346.5 0.21 0.94 18.12 0.51 44.29 541.02 1.77 4 6 211 3 16 0.01 
HV-U18-




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U18-
343.5 343.5 1.57 0.36 2.74 0.18 52.08 196.17 79.81 2 5 293 2 2 0.27 
HV-U18-
342.0 342 1.49 0.58 6.22 0.48 49.89 384.10 47.19 3 5 219 0 6 0.22 
HV-U18-
340.5 340.5 1.61 0.61 4.46 0.63 50.61 452.18 88.53 3 10 236 6 5 0.38 
HV-U17-
339.0 339 0.95 0.53 4.57 0.56 51.46 360.50 147.73 3 12 235 6 11 0.63 
HV-U17-
337.5 337.5 1.12 0.74 5.75 0.91 50.28 616.16 119.57 4 21 235 6 18 0.51 
HV-U17-
336.0 336 1.13 0.64 4.71 0.62 50.94 578.20 174.85 3 3 202 4 9 0.87 
HV-U17-
334.5 334.5 2.41 3.87 20.95 2.93 36.79 1912.37 271.75 20 79 173 17 58 1.57 
HV-U17-
333.0 333 1.90 0.91 6.27 0.61 48.95 588.27 186.26 5 11 224 6 10 0.83 
HV-U17-
331.5 331.5 1.40 0.70 4.81 0.69 50.57 593.60 145.37 3 12 242 4 11 0.60 
HV-U17-
330.0 330 1.38 0.41 3.05 0.35 51.91 259.43 155.28 2 7 257 4 6 0.60 
HV-U17-
328.5 328.5 2.14 0.87 6.19 0.78 48.75 604.82 149.72 5 14 206 5 14 0.73 
HV-U17-
327.0 327 2.97 5.09 25.38 3.29 32.16 2371.03 237.98 27 89 171 13 37 1.39 
HV-U17-
325.5 325.5 0.88 0.58 4.18 0.52 51.53 491.59 224.13 3 6 225 3 4 1.00 
HV-U17-
324.0 324 1.26 0.44 3.00 0.30 51.97 338.64 248.86 2 3 204 2 2 1.22 
HV-U17-




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
Covered 319.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
HV-U17-
318.0 318 2.74 1.15 6.43 0.76 47.57 648.32 310.50 6 10 217 4 10 1.43 
HV-U17-
316.5 316.5 2.27 0.63 4.52 0.53 49.64 407.66 367.70 3 12 207 6 8 1.77 
Covered 315 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
HV-U17-
313.5 313.5 1.60 1.19 6.26 0.86 48.79 728.12 444.11 6 24 218 5 20 2.04 
HV-U17-
312.0 312 2.85 1.06 6.55 0.69 47.28 505.87 387.13 6 12 243 11 6 1.59 
HV-U17-
310.5 310.5 1.35 0.49 3.52 0.41 51.29 348.14 504.02 3 5 274 9 3 1.84 
HV-U17-
309.0 309 3.05 3.02 15.77 1.95 39.81 1400.81 304.32 16 72 237 10 27 1.29 
HV-U17-
307.5 307.5 2.10 0.74 5.21 0.44 49.32 439.02 302.50 4 15 235 6 6 1.29 
HV-U17-
306.0 306 1.91 0.84 5.85 0.70 48.84 442.13 288.57 4 9 184 4 5 1.57 
HV-U17-
304.5 304.5 1.82 0.25 2.09 0.12 52.10 125.04 194.19 1 0 209 1 0 0.93 
HV-U17-
303.0 303 1.57 0.66 4.88 0.51 50.43 438.44 233.26 4 12 257 3 9 0.91 
HV-U17-
301.5 301.5 1.09 0.33 3.62 0.24 51.91 243.90 202.41 1 5 216 3 2 0.94 
HV-U17-
300.0 300 1.40 0.53 4.81 0.31 50.85 279.89 170.38 3 5 234 3 5 0.73 
HV-U17-
298.5 298.5 1.31 0.93 6.75 0.69 48.97 506.40 180.27 5 15 206 7 13 0.88 
HV-U17-




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U17-
295.5 295.5 2.96 3.03 16.14 1.88 39.89 1528.56 179.66 16 63 202 8 17 0.89 
HV-U17-
294.0 294 1.56 0.43 3.53 0.28 51.53 302.26 129.68 2 9 210 2 3 0.62 
HV-U17-
292.5 292.5 2.14 0.65 4.52 0.42 50.00 401.82 133.96 3 13 263 4 7 0.51 
HV-U17-
291.0 291 2.14 1.89 12.70 1.30 43.86 1213.77 241.39 10 45 199 9 24 1.21 
HV-U17-
289.5 289.5 1.09 0.38 3.40 0.32 52.10 313.18 147.36 2 4 253 1 2 0.58 
HV-U17-
288.0 288 2.90 1.89 13.03 1.20 42.86 1057.59 122.70 10 33 211 7 17 0.58 
HV-U17-
286.5 286.5 1.58 0.80 6.31 0.52 49.42 507.26 138.27 4 11 219 2 6 0.63 
HV-U17-
285.0 285 2.59 2.32 15.96 1.39 41.33 1114.47 166.28 12 55 174 9 29 0.96 
HV-U17-
283.5 283.5 2.94 2.47 15.80 1.32 40.75 1166.50 167.19 13 54 234 9 23 0.71 
HV-U17-
282.0 282 1.68 0.58 5.87 0.35 49.88 356.48 128.69 3 4 225 5 9 0.57 
HV-U17-
280.5 280.5 2.75 1.59 12.72 0.80 43.72 674.42 141.12 8 40 224 5 24 0.63 
HV-U17-
279.0 279 1.97 1.31 9.80 0.73 46.57 511.88 155.57 7 26 211 6 13 0.74 
HV-U17-
277.5 277.5 1.23 0.34 4.26 0.17 51.56 277.08 194.78 2 3 222 1 2 0.88 
HV-U17-
276.0 276 1.40 0.73 6.56 0.42 49.59 471.74 94.09 4 10 178 2 8 0.53 
HV-U17-




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U17-
273.0 273 1.04 0.47 5.19 0.30 51.14 401.16 189.53 2 7 234 4 4 0.81 
HV-U17-
271.5 271.5 1.89 0.82 8.06 0.44 48.10 444.78 127.26 4 20 215 7 9 0.59 
HV-U17-
270.0 270 1.72 0.29 3.41 0.09 51.60 185.04 154.85 1 3 222 0 2 0.70 
HV-U17-
268.5 268.5 1.27 0.28 4.34 0.14 51.59 202.18 70.10 1 0 228 3 1 0.31 
HV-U17-
267.0 267 1.17 1.05 8.66 0.69 48.41 555.21 154.69 5 26 211 6 13 0.73 
HV-U17-
265.5 265.5 1.20 0.48 4.92 0.26 51.16 349.48 117.14 2 9 240 0 0 0.49 
HV-U17-
264.0 264 0.90 0.39 3.96 0.24 52.10 227.38 134.84 2 7 251 2 3 0.54 
HV-U17-
262.5 262.5 1.09 0.86 8.02 0.62 48.92 498.42 82.94 4 25 206 3 9 0.40 
HV-U17-
261.0 261 2.78 2.14 13.25 0.96 42.82 796.30 125.39 11 30 243 7 15 0.52 
HV-U17-
259.5 259.5 1.64 1.49 15.19 0.99 43.68 871.62 172.42 7 35 222 6 19 0.78 
HV-U17-
258.0 258 1.44 0.56 5.22 0.28 50.59 335.98 130.37 3 10 276 3 3 0.47 
HV-U17-
256.5 256.5 1.00 0.36 3.64 0.23 52.20 332.07 122.12 2 5 285 5 0 0.43 
HV-U17-
255.0 255 1.40 0.99 7.82 0.65 48.65 520.72 166.05 5 26 238 6 15 0.70 
HV-U17-
253.5 253.5 1.23 0.86 7.83 0.43 49.02 410.39 107.78 4 10 217 3 7 0.50 
HV-U17-




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U17-
250.5 250.5 1.10 0.70 7.32 0.34 49.68 456.62 123.86 3 15 248 3 10 0.50 
HV-U17-
249.0 249 0.51 0.40 4.54 0.24 52.09 181.97 169.31 2 3 214 4 4 0.79 
HV-U17-
247.5 247.5 1.27 0.89 8.27 0.63 48.60 533.82 160.95 4 27 225 6 14 0.72 
HV-U17-
246.0 246 0.65 0.43 8.12 0.26 49.99 285.42 147.24 1 2 218 3 1 0.67 
HV-U17-
244.5 244.5 0.80 0.29 3.25 0.15 52.70 175.89 198.99 2 4 263 3 0 0.76 
HV-U17-
243.0 243 1.05 0.35 4.15 0.27 51.77 310.73 153.19 1 10 247 3 6 0.62 
HV-U17-
241.5 241.5 1.03 0.22 3.35 0.10 52.45 111.44 135.10 1 2 260 2 0 0.52 
HV-U17-
240.0 240 0.93 0.17 2.67 0.08 52.98 104.31 165.63 1 4 270 0 0 0.61 
HV-U17-
238.5 238.5 0.41 0.22 2.74 0.13 53.50 150.74 162.59 1 2 273 5 2 0.60 
HV-U17-
237.0 237 1.25 0.30 3.54 0.14 51.96 193.06 166.10 2 5 233 3 7 0.71 
HV-U17-
235.5 235.5 0.92 0.20 1.91 0.09 53.45 133.86 146.33 1 2 249 2 0 0.59 
HV-U17-
234.0 234 1.82 1.43 9.59 0.80 46.77 493.39 96.10 8 39 201 6 12 0.48 
HV-U17-
232.5 232.5 1.40 2.10 16.54 1.18 42.62 918.75 69.45 11 38 164 6 22 0.42 
HV-U16-
231.0 231 0.66 0.23 2.33 0.13 53.33 139.84 97.68 1 2 247 1 0 0.40 
HV-U17-




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U17-
228.5 228 0.79 0.35 2.55 0.19 53.01 233.75 131.58 2 8 236 3 4 0.56 
HV-U16-
226.5 226.5 1.18 0.48 3.84 0.31 51.75 278.80 89.77 3 15 246 3 3 0.36 
Covered 225 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Covered 223.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Covered 222 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Covered 220.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Covered 219 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Covered 217.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
HV-U16-
216.0 216 0.61 0.29 3.85 0.15 52.62 224.05 73.34 1 1 220 2 3 0.33 
HV-U16-
214.5 214.5 0.65 0.41 4.47 0.23 51.94 260.06 114.37 2 4 208 3 6 0.55 
HV-U16-
213.0 213 1.18 0.41 2.86 0.19 52.41 222.58 106.31 2 9 287 1 0 0.37 
HV-U16-
211.5 211.5 0.00 0.23 2.87 0.12 53.93 215.84 108.37 1 0 213 4 1 0.51 
Covered 210 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
HV-U16-
208.5 208.5 1.07 0.29 2.82 0.14 52.64 149.30 99.90 2 3 278 5 1 0.36 
Covered 207 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Covered 205.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
HV-U16-
204.0 204 1.70 0.60 5.08 0.15 50.39 234.69 52.40 3 1 222 1 2 0.24 
HV-U16-
202.5 202.5 0.35 0.28 2.71 0.13 53.52 228.43 89.12 2 1 218 2 3 0.41 
HV-U16-




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U16-
199.5 199.5 2.20 1.11 6.76 0.62 48.29 582.39 86.39 6 24 253 4 8 0.34 
Covered 198 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Covered 196.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
HV-U16-
195.0 195 0.84 0.27 3.44 0.12 52.60 178.05 89.01 1 3 283 3 4 0.31 
HV-U16-
193.5 193.5 1.78 1.35 8.84 0.68 47.32 688.04 77.02 7 43 282 7 11 0.27 
HV-U16-
192.0 192 2.60 2.05 11.33 1.12 44.28 976.14 210.24 11 39 211 6 12 1.00 
Covered 190.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
HV0U16-
189.0 189 0.91 0.33 2.29 0.19 53.07 221.72 102.23 2 6 256 0 0 0.40 
HV-U16-
187.5 187.5 2.12 1.38 8.03 0.76 47.34 642.95 92.01 8 33 251 5 10 0.37 
HV-U16-
186.5 186.5 1.14 0.53 3.75 0.25 51.83 307.05 126.68 3 4 211 1 7 0.60 
HV-U16-
184.5 184.5 1.65 0.79 5.40 0.51 49.98 454.50 72.05 4 20 283 4 7 0.25 
HV-U16-
183.0 183 1.08 0.38 2.81 0.24 52.55 337.34 72.47 2 5 268 2 1 0.27 
HV-U16-
181.5 181.5 2.99 3.05 15.73 1.62 40.23 1182.37 88.91 17 58 241 11 16 0.37 
HV-U16-
180.0 180 1.68 0.81 4.68 0.45 50.32 440.04 55.55 5 13 229 2 4 0.24 
HV-U15-
178.5 178.5 0.85 0.32 3.11 0.12 52.71 209.41 65.36 2 12 269 5 2 0.24 
HV-U15-




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U15-
175.5 175 1.89 1.92 10.55 1.22 45.50 1003.98 72.19 10 52 257 7 11 0.28 
HV-U15-
174.0 174 1.38 0.29 2.06 0.10 52.63 113.55 121.64 2 6 274 2 3 0.44 
HV-U15-
172.5 172.5 1.76 0.49 2.93 0.25 51.62 327.78 69.14 3 11 289 4 6 0.24 
HV-U15-
171.0 171 1.64 0.71 4.29 0.28 50.84 364.52 74.76 4 12 320 3 5 0.23 
HV-U14-
169.0 169.5 1.09 0.58 3.88 0.31 51.64 249.77 70.78 3 8 203 2 4 0.35 
HV-U14-
168.0 168 0.44 0.23 2.56 0.06 53.58 154.93 143.81 1 2 260 2 0 0.55 
HV-U14-
166.5 166.5 1.93 0.88 6.13 0.49 49.08 437.60 700.47 4 23 231 4 5 3.03 
HV-U14-
165.0 165 1.07 0.52 3.96 0.26 51.78 360.44 160.41 3 3 232 3 4 0.69 
HV-U14-
163.0 163.5 2.33 1.75 9.41 0.96 46.02 778.80 82.12 10 35 276 4 9 0.30 
HV-U14-
162.0 162.4 1.28 0.28 2.04 0.15 52.61 221.59 95.13 2 1 189 1 2 0.50 
HV-U14-
160.5 160.5 0.15 0.17 1.15 0.05 54.83 80.84 90.12 1 0 250 2 0 0.36 
HV-U14-
159.0 159 2.28 2.22 11.20 1.24 44.54 1008.71 73.41 12 64 253 10 11 0.29 
HV-U14-
157.5 157.5 1.99 1.84 9.87 1.02 45.96 878.48 59.29 10 50 246 7 7 0.24 
HV-U14-
156.0 156 2.66 2.25 12.87 1.23 42.80 1153.12 78.10 12 41 225 10 19 0.35 
HV-U14-




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U14-
153.0 153 0.85 0.35 2.53 0.14 53.04 180.12 111.74 2 5 244 3 1 0.46 
HV-U14-
151.5 151.5 2.43 1.94 12.59 1.01 43.88 852.13 94.44 10 31 231 5 15 0.41 
HV-U14-
150.0 150 1.43 0.32 3.32 0.13 51.89 167.11 126.80 2 1 243 2 2 0.52 
HV-U14-
148.5 148.5 1.26 0.78 5.98 0.50 50.03 461.68 75.75 4 22 232 1 4 0.33 
HV-U14-
147.0 147 1.68 1.20 6.94 0.65 48.65 507.98 113.37 6 23 253 5 7 0.45 
HV-U14-
145.5 145.5 1.61 2.17 17.32 1.18 41.96 1058.64 166.33 11 57 219 9 21 0.76 
HV-U14-
144.0 144 1.75 0.42 3.47 0.16 51.43 268.31 114.87 2 7 208 0 0 0.55 
HV-U14-
142.5 142.5 0.75 0.22 2.14 0.10 53.53 218.76 104.85 1 3 245 0 1 0.43 
HV-U14-
141.0 141 1.00 0.42 5.64 0.18 51.07 284.21 103.57 2 2 246 2 4 0.42 
HV-U14-
139.5 139.5 1.21 0.33 3.01 0.16 52.37 235.77 127.64 1 1 225 0 0 0.57 
HV-U14-
138.0 138 2.48 2.02 12.78 1.04 43.67 987.01 133.07 11 36 206 8 17 0.65 
HV-U14-
136.5 136.5 0.58 0.16 2.15 0.13 53.67 211.07 177.16 1 2 244 2 1 0.73 
HV-U14-
135.0 135 1.24 0.22 2.43 0.06 52.79 111.74 138.51 1 1 264 0 2 0.53 
HV-U14-
133.5 133.5 0.72 0.15 2.32 0.11 53.49 173.93 152.18 1 3 258 1 2 0.59 
HV-U14-




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U14-
130.5 130 2.06 1.61 10.81 0.81 45.68 675.92 112.14 9 32 215 5 12 0.52 
HV-U14-
129.0 129 2.26 1.37 10.55 0.74 45.77 715.88 88.97 7 27 221 4 6 0.40 
HV-U14-
127.5 127.5 0.60 0.18 2.58 0.11 53.41 192.22 270.75 1 1 253 4 3 1.07 
HV-U14-
126.0 126 1.21 0.11 3.04 0.04 52.53 118.49 258.67 0 1 249 2 0 1.04 
HV-U14-
124.5 124.5 1.40 0.27 4.20 0.09 51.53 130.88 217.59 1 0 238 0 0 0.92 
HV-U14-
123.0 123 1.22 0.25 2.10 0.08 52.90 93.16 377.66 1 0 237 2 0 1.60 
HV-U14-
121.5 121.5 1.07 0.27 2.97 0.18 52.51 175.48 342.98 1 5 206 3 0 1.67 
HV-U13-
120.0 120.5 1.18 0.27 2.02 0.17 52.95 201.93 178.58 2 2 246 5 0 0.73 
HV-U13-
118.5 118.5 1.68 0.53 3.86 0.34 51.03 300.06 191.80 3 7 230 3 7 0.83 
HV-U13-
117.0 117 1.18 0.25 2.31 0.13 52.77 135.61 233.56 1 0 185 3 0 1.26 
HV-U13-
115.5 115.5 2.79 2.12 13.32 0.96 42.56 983.12 136.75 11 31 229 4 18 0.60 
HV-U13-
114.0 114 2.06 0.57 4.45 0.40 50.18 336.21 203.46 3 15 236 6 8 0.86 
HV-U13-
112.5 112.5 0.69 0.33 2.87 0.19 52.90 218.50 195.88 2 2 246 1 1 0.80 
HV-U13-
111.0 111 0.00 0.19 1.48 0.14 54.74 194.33 192.33 1 3 244 0 0 0.79 
HV-U13-




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U13-
108.0 108 1.08 0.18 1.40 0.10 53.59 111.06 122.48 1 0 243 0 0 0.50 
HV-U13-
106.5 106.5 1.67 0.34 2.56 0.26 52.03 271.15 129.26 2 5 293 3 3 0.44 
HV-U13-
105.0 105 1.18 0.80 5.47 0.65 50.53 449.43 46.80 4 15 254 3 4 0.18 
HV-U13-
103.5 103.5 0.80 0.41 3.03 0.33 52.70 344.64 168.69 2 4 258 0 0 0.65 
HV-U13-
102.5 102 1.70 0.60 4.15 0.28 50.78 359.23 172.96 3 4 212 2 3 0.82 
HV-U13-
100.5 100.5 2.03 1.04 6.69 0.63 48.59 607.29 75.98 6 17 251 3 10 0.30 
HV-U13-99.0 99 0.95 0.75 9.34 0.53 48.65 475.83 87.28 3 15 244 2 5 0.36 
HV-U13-98.5 98.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
HV-U13-97.5 97.5 2.02 1.05 5.66 0.58 49.06 526.82 107.25 6 17 262 3 8 0.41 
HV-U13-96.0 96 2.59 1.60 9.35 0.86 45.63 782.61 95.68 8 32 287 6 12 0.33 
HV-U13-94.5 94.5 0.79 0.41 4.05 0.33 52.13 348.07 106.24 2 13 276 2 4 0.39 
HV-U13-93.0 93 1.04 0.37 2.80 0.33 52.58 344.60 89.02 2 15 314 1 7 0.28 
HV-U13-91.5 91.5 13.91 1.31 9.55 0.86 32.19 836.70 739.32 6 25 107 6 7 6.91 
HV-U12-90.0 90 16.92 0.15 1.64 0.09 34.04 134.66 793.10 0 3 42 0 3 18.82 
HV-U12-88.5 88.5 1.92 0.52 4.42 0.32 50.54 285.23 154.70 3 7 286 3 3 0.54 
HV-U11-87.0 87 15.09 0.14 2.39 0.11 34.89 212.96 1161.70 0 3 46 4 3 25.16 
Covered 85.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
HV-U11-83.6 83.6 15.48 0.09 1.93 0.07 35.75 144.98 617.11 0 1 63 1 2 9.85 
HV-U11-82.0 82.5 15.03 0.68 4.97 0.49 34.39 427.08 503.43 3 10 57 3 5 8.83 
HV-U11-81.0 81 16.27 0.64 4.20 0.42 33.60 483.42 341.37 2 6 63 0 5 5.40 
HV-U10-79.5 79.5 1.01 0.28 2.36 0.17 52.98 223.99 66.70 1 6 320 0 7 0.21 




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U10-76.5 76.5 1.27 0.20 1.48 0.10 53.28 112.57 89.97 1 4 307 0 0 0.29 
HV-U10-75.0 75 1.87 0.63 4.00 0.44 50.73 370.32 39.46 3 10 350 0 4 0.11 
HV-U10-73.5 73.5 1.86 0.78 4.35 0.56 50.37 518.94 55.37 4 26 374 4 6 0.15 
HV-U10-72.0 72 1.87 1.45 8.22 0.93 47.54 692.58 33.72 8 36 348 10 9 0.10 
HV-U10-70.5 70.5 2.10 1.05 6.71 0.75 48.34 565.77 85.48 6 22 427 2 11 0.20 
HV-U10-69.0 69 1.14 0.31 2.89 0.26 52.52 256.48 52.02 2 5 294 1 0 0.18 
HV-U10-67.5 67.5 2.29 2.71 17.48 1.60 40.41 1404.06 68.80 14 53 280 10 29 0.25 
HV-U10-66.0 66 2.05 1.16 7.95 0.75 47.72 548.82 41.89 6 29 328 4 9 0.13 
HV-U10-64.5 64.5 2.49 1.83 10.56 1.08 45.09 803.70 48.78 10 51 359 6 16 0.14 
HV-U10-63.0 63 1.91 1.06 9.71 0.70 46.93 671.16 122.56 5 18 306 8 14 0.40 
HV-U10-61.5 61.5 2.03 1.62 11.00 0.95 45.61 805.53 22.18 8 32 370 5 15 0.06 
HV-U10-60.0 60 2.77 1.84 11.70 1.00 44.08 976.76 106.56 10 36 312 5 24 0.34 
HV-U10-58.5 58.5 2.70 2.95 18.84 1.46 38.94 1449.77 114.11 16 54 249 6 26 0.46 
HV-U10-57.0 57 3.17 2.01 12.23 0.87 42.98 918.57 41.28 11 30 287 4 14 0.14 
HV-U10-55.5 55.5 2.49 0.96 6.44 0.53 48.22 606.75 61.78 5 13 273 2 8 0.23 
HV-U10-54.0 54 1.64 0.51 3.60 0.25 51.38 241.33 64.45 3 7 282 2 4 0.23 
HV-U10-52.5 52.5 2.54 2.51 15.88 1.24 41.23 1171.33 94.08 13 35 234 3 30 0.40 
HV-U10-51.0 51 1.70 0.40 3.69 0.20 51.31 254.86 84.79 2 5 235 2 2 0.36 
HV-U09-49.5 49.5 3.08 2.01 11.08 0.99 43.85 916.60 98.04 11 31 257 7 17 0.38 
HV-U09-48.0 48 1.47 0.39 3.26 0.27 51.87 310.24 63.56 2 6 270 3 10 0.24 
HV-U09-46.5 46.5 4.00 2.81 16.18 1.35 38.88 1203.23 140.03 15 43 307 13 31 0.46 
HV-U09-45.0 45 1.43 0.30 2.55 0.13 52.44 152.70 171.32 2 0 270 1 3 0.64 
HV-U09-43.5 43.5 3.34 2.93 17.91 1.53 38.86 1360.54 167.07 16 51 250 7 34 0.67 
HV-U09-42.0 42 1.33 0.44 3.78 0.41 51.36 352.51 139.74 2 12 296 10 6 0.47 
HV-U09-40.5 40.5 4.79 6.04 31.20 3.03 25.02 2825.87 223.69 32 86 157 13 39 1.43 




  Major Elements Trace Elements Mn/Sr 
Ratios Sample Stratigraphic Position MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
HV-U08-37.5 37.5 1.38 0.25 2.35 0.18 52.63 225.63 228.35 1 3 266 4 2 0.86 
HV-U08-36.0 36 1.71 0.46 2.92 0.29 51.69 300.33 245.13 2 8 270 5 3 0.91 
HV-U08-34.5 34.5 1.31 0.25 2.16 0.17 52.72 183.26 755.00 1 3 298 0 4 2.53 
HV-U08-33.0 33 2.18 0.59 4.22 0.43 50.16 402.08 371.37 3 12 489 6 0 0.76 
HV-U08-31.5 31.5 1.80 0.85 5.75 0.51 49.55 409.33 126.17 4 17 276 1 2 0.46 
HV-U07-30.0 30 1.94 1.40 8.16 0.77 47.41 700.19 234.21 7 13 230 6 10 1.02 
HV-U07-28.5 28.5 1.96 0.76 4.83 0.43 49.99 378.25 98.63 4 9 280 4 5 0.35 
HV-U07-27.0 27 0.84 0.18 2.93 0.19 52.92 222.61 265.52 1 6 277 2 7 0.96 
HV-U07-25.5 25.5 1.36 0.35 3.04 0.22 52.09 272.27 115.27 2 8 305 0 7 0.38 
HV-U07-24.0 24 2.18 1.60 12.22 0.77 44.56 864.81 91.64 8 33 244 8 14 0.38 
HV-U07-22.5 22.5 1.43 0.71 6.17 0.40 49.90 337.76 97.70 4 18 258 4 5 0.38 
HV-U06-20.0 20 0.81 0.17 1.52 0.11 53.86 108.46 85.37 1 6 282 2 0 0.30 
HV-U06-19.5 19.5 1.32 0.16 2.74 0.09 52.49 131.75 103.55 1 0 279 2 0 0.37 
HV-U06-17.0 17 1.07 0.20 2.19 0.16 53.08 183.80 145.74 1 2 296 2 1 0.49 
HV-U06-16.5 16.5 1.15 0.26 1.91 0.16 53.11 196.57 122.26 2 1 341 1 2 0.36 
HV-U06-14.0 14 0.87 0.20 2.59 0.19 53.07 182.64 374.35 1 1 248 2 0 1.51 
HV-U04-13.5 13.5 0.50 0.17 2.69 0.24 53.41 313.55 505.58 1 3 259 4 1 1.95 
HV-U04-12.0 12 1.37 0.72 4.43 0.49 50.99 423.99 63.12 4 20 310 4 6 0.20 
HV-U03-10.5 10.5 0.92 0.34 3.72 0.25 52.24 223.74 99.19 2 5 303 2 4 0.33 
HV-U03-9.0 9 1.29 0.90 6.16 0.85 49.81 682.22 54.13 5 16 299 4 9 0.18 
HV-U02-7.5 7.5 2.08 1.37 8.60 0.83 46.98 651.17 52.00 7 22 323 2 9 0.16 
HV-U02-6.0 6 0.99 0.17 1.54 0.14 53.53 216.34 90.50 1 1 219 3 0 0.41 
HV-U01-4.5 4.5 3.76 3.10 17.29 1.88 38.30 1324.97 154.55 16 60 252 8 16 0.61 
HV-U01-3.0 3 2.49 0.60 7.53 0.41 47.76 291.64 123.99 3 6 231 7 4 0.54 
HV-U01-1.5 1.5 15.63 0.28 2.67 0.18 35.50 243.68 223.13 0 7 83 2 2 2.68 
HV-U01-0.0 0 17.20 0.65 6.23 0.58 31.29 549.28 160.78 2 21 118 6 5 1.37 
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MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
GC-U25-32.5 394.1 1.21 0.58 6.62 0.67 49.60 452 528 2 22 241 4 17 2.19 
GC-U25-30.0 391.6 1.23 0.40 4.00 0.47 51.62 350 80 2 6 205 1 14 0.39 
GC-U25-27.0 388.6 2.35 0.28 2.80 0.15 51.12 255 154 1 4 234 0 4 0.66 
GC-U25-24.0 385.6 1.61 0.56 4.27 0.46 50.87 437 110 3 7 234 0 14 0.47 
GC-U25-21.0 382.6 1.39 0.43 3.60 0.38 51.67 365 77 2 12 284 3 8 0.27 
GC-U25-18.0 379.6 2.52 0.96 8.85 1.06 46.66 727 66 4 30 246 4 45 0.27 
GC-U25-15.0 376.6 4.26 1.43 10.25 1.24 43.46 914 144 7 26 212 5 41 0.68 
GC-U25-12.0 373.6 1.69 0.44 3.90 0.35 51.18 321 80 2 2 276 3 15 0.29 
GC-U25-9.0 370.6 0.00 0.29 2.45 0.24 54.13 292 87 2 3 312 1 3 0.28 
GC-U25-6.0 367.6 1.14 0.68 5.72 0.70 50.48 530 63 3 9 276 4 29 0.23 
GC-U25-3.0 364.6 1.03 0.48 3.80 0.32 51.93 349 80 2 7 263 4 8 0.30 
GC-U24-51.0 361.6 1.50 0.24 2.39 0.14 52.46 172 110 1 4 257 0 3 0.43 
GC-U24-48.0 358.6 0.29 0.45 7.17 0.29 51.01 307 99 2 7 270 3 4 0.36 
GC-U24-45.0 355.6 0.49 0.31 4.88 0.16 52.27 203 102 1 2 233 0 4 0.44 
GC-U24-42.0 352.6 0.22 0.42 5.50 0.26 52.08 282 87 2 3 226 2 2 0.38 
GC-U24-39.0 349.6 1.09 0.48 6.29 0.26 50.54 269 73 2 2 262 1 3 0.28 
GC-U24-36.0 346.6 1.36 0.29 4.21 0.24 51.51 264 60 1 7 244 3 2 0.25 
GC-U24-28.5 338.6 0.87 0.31 2.50 0.21 53.11 259 121 2 4 309 1 3 0.39 
GC-U24-24.0 334.6 0.17 0.20 1.23 0.06 54.81 192 70 2 0 320 0 0 0.22 
GC-U24-21.0 331.6 0.62 0.31 1.87 0.09 53.84 151 51 2 1 527 1 1 0.10 
GC-U24-12.0 322.6 0.24 0.37 4.29 0.33 52.70 344 72 2 4 251 0 8 0.29 
GC-U24-9.0 319.6 0.00 0.37 9.84 0.21 50.22 202 2 1 3 201 0 1 0.01 
GC-U24-6.0 316.6 0.51 0.55 3.69 0.40 52.58 336 61 3 8 290 2 3 0.21 
GC-U24-3.0 313.6 0.76 0.62 8.10 0.36 49.75 388 47 3 8 223 3 5 0.21 










MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
Cover 282.7 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
GC-U23-27.0 282.3 1.86 1.31 8.31 1.09 47.29 675 194 7 31 237 7 18 0.82 
GC-U23-24.0 279.3 0.19 0.20 2.18 0.20 54.01 238 226 1 9 311 4 6 0.73 
GC-U23-21.0 276.3 1.12 0.61 4.61 0.49 51.04 518 218 3 13 211 2 11 1.03 
GC-U23-18.0 273.3 1.28 0.47 4.85 0.38 50.72 389 273 2 8 236 6 10 1.16 
GC-U23-15.0 270.3 1.92 2.07 11.96 1.50 44.41 1116 146 11 56 241 6 29 0.61 
GC-U23-12.0 267.3 2.47 1.21 7.24 0.93 47.31 712 136 6 30 259 5 11 0.53 
GC-U23-9.0 264.3 1.06 0.29 2.44 0.20 52.84 249 95 1 8 301 1 5 0.32 
GC-U23-6.0 261.3 0.74 0.53 12.06 0.30 47.58 285 61 2 11 277 2 7 0.22 
GC-U23-3.0 258.3 0.92 0.45 3.92 0.28 52.02 247 130 2 10 294 2 5 0.44 
GC-U23-0.0 255.3 0.89 0.31 2.68 0.21 52.86 208 190 2 3 297 0 1 0.64 
GC-U22-12.0 252.3 1.19 0.73 6.01 0.43 50.10 368 200 4 7 318 3 11 0.63 
GC-U22-9.0 249.3 1.31 0.89 8.54 0.70 48.42 538 184 4 29 318 10 20 0.58 
GC-U22-6.0 246.3 2.52 2.58 19.33 1.03 38.92 863 188 14 46 333 10 27 0.56 
GC-U22-3.0 243.3 0.64 0.47 4.55 0.24 51.88 226 176 2 5 278 1 4 0.63 
GC-U22-0.0 240.3 2.06 1.81 12.03 0.94 44.73 746 104 10 30 273 6 13 0.38 
GC-U21-9.0 239.7 1.17 0.52 4.27 0.24 51.44 251 121 3 4 262 7 7 0.46 
GC-U21-6.0 236.7 1.10 0.50 4.38 0.20 51.58 285 147 2 4 262 3 4 0.56 
GC-U21-3.0-D 233.7 1.92 0.74 6.55 0.27 49.08 313 160 4 11 291 6 7 0.55 
GC-U20-2.4 230.7 0.54 0.26 3.18 0.10 53.04 82 195 1 2 304 3 0 0.64 
GC-U20-0.0 228.3 1.48 0.46 4.69 0.20 50.85 218 153 2 5 270 3 3 0.57 
GC-U19-4.5 227.5 0.93 0.53 5.14 0.22 51.27 249 171 3 10 247 6 6 0.70 
GC-U19-0.0 223 1.12 0.43 4.13 0.21 51.71 244 133 2 5 271 0 0 0.49 
GC-U18-15.0 220.9 1.27 0.59 6.18 0.20 50.24 187 139 3 10 294 4 4 0.47 










MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
GC-U18-9.0 214.9 1.14 1.32 10.17 0.61 47.44 553 278 7 24 276 7 7 1.01 
GC-U18-6.0 211.9 0.69 2.06 18.57 1.05 42.43 925 137 11 39 219 8 40 0.62 
GC-U18-3.0 208.9 0.02 0.11 1.95 0.05 54.54 121 200 0 3 314 2 0 0.64 
GC-U17-0.7 205.6 1.01 0.25 2.17 0.12 53.11 177 144 1 2 268 0 2 0.54 
Cover 198.2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
GC-U16-7.7 197.4 0.83 0.39 3.57 0.17 52.46 249 62 2 0 286 1 2 0.22 
GC-U16-6.6 196.3 1.14 0.45 4.59 0.18 51.41 341 138 2 10 277 5 112 0.50 
GC-U16-3.0 192.7 0.47 0.68 5.64 0.25 51.43 340 105 4 3 273 6 6 0.38 
GC-U15-86.65 189.7 1.48 0.31 2.03 0.11 52.61 153 53 2 4 276 2 2 0.19 
GC-U15-83.65 186.7 1.61 0.44 3.44 0.15 51.56 205 102 2 11 349 4 8 0.29 
GC-U15-81.0 184 1.56 1.97 17.06 0.76 42.55 799 50 10 36 248 5 17 0.20 
GC-U15-
78.0A 181 1.26 0.43 3.90 0.12 51.75 158 47 2 4 277 4 3 0.17 
GC-U15-75.0 178 2.76 2.17 12.24 0.93 43.59 840 14 12 30 231 5 10 0.06 
GC-U15-72.0 175 0.79 0.40 2.91 0.11 52.88 240 160 2 9 307 2 0 0.52 
GC-U15-69.0 172 1.53 0.38 2.84 0.14 51.94 279 73 2 2 248 1 0 0.29 
GC-U15-
63.0A 166 1.23 0.45 2.78 0.13 52.32 177 113 2 7 311 4 1 0.36 
GC-U15-60.0 163 1.56 1.17 6.11 0.54 49.40 587 61 7 21 298 3 4 0.20 
GC-U15-54.0 157 1.59 0.38 2.10 0.12 52.34 227 122 2 2 304 1 0 0.40 
GC-U15-51.0 154 2.47 2.54 15.59 1.05 41.75 762 45 14 53 290 16 23 0.15 
GC-U15-
48.0A 151 0.71 0.41 3.64 0.14 52.43 215 128 2 3 311 4 5 0.41 
GC-U15-45.0 148.2 0.48 0.51 4.01 0.16 52.42 290 96 3 2 346 7 2 0.28 
GC-U15-










MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
GC-U15-39.0 142 0.98 0.91 5.98 0.31 50.42 390 496 5 16 342 4 4 1.45 
GC-U15-36.0 139 0.93 0.18 1.44 0.02 53.76 103 94 1 0 297 2 0 0.31 
GC-U15-33.0 136 2.37 1.12 6.35 0.47 48.34 439 72 6 19 315 1 3 0.23 
GC-U15-30.0 133 1.60 0.79 4.79 0.23 50.48 289 102 5 5 238 2 1 0.43 
GC-U15-27.0 130 0.86 0.21 2.26 0.09 53.23 173 125 1 2 297 1 2 0.42 
GC-U15-21.0 124 2.82 2.26 13.80 0.96 42.25 1022 119 12 27 241 6 17 0.49 
GC-U15-18.0 121 1.32 0.64 5.36 0.21 50.68 261 89 3 7 266 2 5 0.34 
GC-U15-15.0 118 0.94 0.27 2.04 0.06 53.32 180 104 2 1 345 2 1 0.30 
GC-U15-12.0 115 1.52 0.74 6.30 0.27 49.79 262 143 4 9 253 4 1 0.57 
GC-U15-9.0 112 1.37 0.48 3.96 0.17 51.40 265 205 2 3 276 5 8 0.74 
GC-U15-6.0 109 1.70 0.64 5.89 0.21 49.91 311 127 3 6 297 3 1 0.43 
GC-U15-4.5 107.5 3.56 6.26 32.80 2.68 26.52 2671 274 34 112 227 15 42 1.21 
GC-U15-3.0 106 0.39 0.16 1.82 0.04 54.11 127 305 1 1 237 1 1 1.29 
GC-U15-0.0 103 1.83 1.01 7.69 0.29 48.23 420 193 5 8 291 6 18 0.66 
GC-U14-3.0 100.2 2.07 0.88 7.11 0.23 48.56 292 160 4 5 275 2 5 0.58 
GC-U13-0.4 96.5 0.71 0.24 2.58 0.06 53.12 146 726 1 6 240 9 0 3.02 
GC-U12-3.0 94.6 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
GC-U12-0.0A 91.6 0.76 0.45 3.45 0.21 52.50 252 139 3 10 280 2 3 0.50 
GC-U11-3.0 89.3 1.40 0.34 3.12 0.10 51.89 232 351 2 4 215 3 2 1.64 
GC-U11-0.0A 86.3 2.31 0.63 4.26 0.22 50.01 182 216 3 3 226 1 4 0.96 
GC-U10-13.5 85.9 1.02 0.34 2.61 0.22 52.77 323 66 2 9 424 5 3 0.16 
GC-U10-12.0 84.4 0.86 0.45 3.15 0.23 52.58 341 97 3 11 364 4 2 0.27 
GC-U10-9.0 81.4 0.50 0.24 1.35 0.09 54.27 195 106 2 0 300 0 0 0.35 
GC-U10-7.5 79.9 1.40 0.32 2.14 0.20 52.68 273 148 2 1 289 1 2 0.51 










MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
GC-U10-1.0 73.4 0.55 0.24 2.17 0.23 53.66 230 303 2 4 349 1 0 0.87 
GC-U9-12.0A 70.5 1.32 0.27 2.21 0.13 52.52 221 116 1 3 276 1 2 0.42 
GC-U9-9.0 67.5 0.85 0.91 6.85 0.52 50.07 585 58 5 21 357 3 11 0.16 
GC-U9-6.0 64.5 0.64 0.29 1.94 0.10 53.75 202 71 2 3 284 1 1 0.25 
GC-U9-3.0 61.5 2.20 0.98 7.23 0.53 48.12 486 79 5 23 293 4 6 0.27 
GC-U8-3.0 58.3 1.01 0.42 3.47 0.27 52.25 293 97 2 3 264 3 0 0.37 
GC-U7-3.0 55.3 0.94 0.33 2.49 0.24 52.90 307 99 2 3 316 0 0 0.31 
ISO-GC-U7-
2.0 54.3 0.53 0.34 3.50 0.22 52.88 204 137 2 2 251 0 3 0.55 
ISO-GC-U7-
1.0 53.3 2.68 3.12 20.44 1.77 37.95 1548 137 16 72 286 11 56 0.48 
GC-U6-5.1 52.3 0.00 0.33 15.89 0.13 47.06 256 22 0 4 186 2 0 0.12 
ISO-GC-U6-
5.0 52.2 0.15 0.80 10.48 0.49 48.96 565 151 3 13 277 6 6 0.55 
ISO-GC-U6-
4.0 51.2 0.91 0.28 1.96 0.15 53.33 180 152 2 5 286 0 0 0.53 
GC-U6-3.15 50.4 0.90 0.38 2.77 0.24 52.81 308 101 2 7 334 2 0 0.30 
ISO-GC-U6-
1.0 48.2 1.24 0.63 4.02 0.43 51.41 406 222 3 13 363 6 13 0.61 
GC-U5-6.0 47.2 0.84 0.10 0.56 0.03 54.36 95 689 1 4 335 2 0 2.06 
GC-U5-3.0 44.2 3.46 2.42 12.81 1.21 41.95 1023 159 13 38 311 7 15 0.51 
GC-U4-9.0 40.9 2.14 1.47 8.19 0.85 46.87 738 122 8 32 249 5 15 0.49 
GC-U4-6.0A 37.9 0.58 0.21 1.94 0.14 53.80 159 120 1 8 294 2 5 0.41 
GC-U4-3.0 34.2 1.03 0.32 2.43 0.17 52.91 215 150 2 1 292 2 0 0.51 
GC-U3-3.0B 31.2 3.06 8.51 40.83 5.72 19.58 4368 301 44 141 135 16 40 2.23 










MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
GC-U2-1.7A 28.3 0.60 0.41 2.25 0.23 53.37 254 124 3 4 328 2 6 0.38 
GC-U2-1.1 27.6 2.74 3.54 18.28 2.40 38.05 1610 126 19 82 273 7 22 0.46 
ISO-GC-U1-
14.0 26.5 1.13 0.47 3.08 0.44 52.16 432 147 3 8 307 2 6 0.48 
ISO-GC-U1-
13.0 25.5 2.08 0.84 5.19 0.75 49.46 615 402 4 21 256 5 5 1.57 
GC-U1-12.0 24.5 1.68 0.32 2.50 0.27 52.03 311 500 2 5 305 3 4 1.64 
ISO-GC-U1-
11.0-D 23.5 3.28 3.12 16.65 2.28 38.82 1452 262 17 44 237 9 15 1.11 
ISO-GC-U1-
10.0 22.5 0.36 0.17 1.25 0.12 54.44 115 119 1 4 346 1 3 0.34 
GC-U1-9.0 21.5 2.40 2.17 12.37 2.00 43.54 1226 81 11 54 284 10 20 0.29 
ISO-GC-U1-
8.0 20.5 0.99 0.48 3.98 0.31 51.95 302 86 3 4 236 2 4 0.37 
ISO-GC U1- 
7.0 19.5 0.81 0.31 2.84 0.17 52.98 209 102 2 4 247 3 0 0.41 
GC-U1-6.0 18.5 2.61 1.45 8.70 1.08 46.09 789 60 8 25 339 3 7 0.18 
GC-U1-3.0B 15.5 2.07 3.24 18.60 2.37 38.96 1605 110 17 57 270 5 12 0.41 
GC-U1-0.0 12.6 2.48 6.75 34.93 4.46 26.17 3194 227 35 126 219 16 32 1.04 
GC-U0-10.0 12.5 17.54 0.06 1.33 0.05 34.11 39 158 0 0 40 3 3 3.95 
GC-U0-9.0 11.5 17.52 0.29 4.97 0.37 31.86 310 240 0 6 85 6 4 2.82 
GC-U0-8.0 10.5 17.22 0.18 2.76 0.11 33.61 203 165 0 0 34 3 3 4.84 
GC-U0-7.0 9.5 2.30 4.68 25.94 3.10 33.84 2257 125 25 83 212 14 30 0.59 
GC-U0-6.0 8.5 14.14 0.98 9.06 0.74 32.73 701 384 4 20 89 3 11 4.32 
GC-U0-5.0 7.5 0.44 0.27 2.88 0.26 53.33 221 58 1 3 288 1 0 0.20 
GC-U0-4.0 6.5 16.22 0.70 5.79 0.45 32.80 409 129 3 7 110 3 4 1.17 










MgO Al2O3 SiO2 K2O CaO Ti Mn Cr Rb Sr Y Zr 
GC-U0-2.0 4.5 18.37 0.31 3.31 0.22 32.02 349 194 1 3 44 2 3 4.42 
GC-U0-1.0 3.5 18.03 0.41 4.10 0.30 31.85 281 134 1 3 41 0 3 3.30 
GC-U0-0.0 2.5 18.21 0.24 2.50 0.22 32.74 297 96 0 3 43 3 3 2.22 
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Appendix D1. Stratigraphic Columns for the Cottonwood Canyon and Green Canyon 
Localities with Biostratigraphy, δ13C and δ18O Stable Isotope Data, and Elemental 
Concentration Data.
Cottonwood Canyon and Green Canyon Stratigraphic Columns with biostratigraphy, δ13C and δ18O stable isotope data, and elemental concentration data.
Shelly Fossil Zone K & L, Ross (1951)
C. intermedius, Landing (1982)
Low Diversity Interval
R. leboni, Adrain (2002, 2009, 2014)
Tesselcauda, Ross etr al. (1997)
R. superciliosa, Ross etr al. (1997)
H. celsaora, Ross etr al. (1997)
Shelly Fossil Zone H, Ross (1951)
Shelly Fossil Zone I & J, Ross (1951)
L. bransoni, Landing (1982)
P. contracta, Adrain (2002, 2009, 2014)
C. angulatus, Landing (1982)
















Green Canyon Section 
St. Charles
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Green Canyon Logan, Utah
Swan Peak
Formation 
C. intermedius, Landing (1982)
Low Diversity Interval
R. leboni, Adrain (2002, 2009, 2014)
Tesselcauda, Ross et al. (1997)
R. superciliosa, Ross et al. (1997)
H. celsaora, Ross et al. (1997) 
Shelly Fossil Zone H, Ross (1951)
Shelly Fossil Zone I & J, Ross (1951)
L. bransoni, Landing (1982)
C. angulatus, Landing (1982)
P. contracta, Adrain (2002, 2009, 2014)
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Cottonwood Canyon Honeyville, Utah
Wacke/Packstone Float/RudstoneCalcisiltite DolostoneLime-Mudstone
Thrombolites
Cover
